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Unit Overview 



Overview of Unit Four 

Chapters 12 througn 16 should be con- 
sidered together as an integrated sequence 
covering selected aspects of light, waves, 
electricity and magnetism. The primary 
qoal of the sequence is to reach a qual- 
itative understanding of electromagnetic 
waves (Chapter 16) , based on the concept 
of electromagnetic induction (Chapter 15) , 
and merging it with the wave description 
of light (Chapter 13) . A secondary pur- 
pose is to provide the basic physics 
needed to understand ne elements of 
electrical technology, so as to make 
contact with a region of applied science 
which has had important social conse- 
quences (Chapter 15) . A third goal is 
to present some information about the 
interaction of electric charges with 
each other and with magnetic fields 
(Chapter 14) , not only as a prerequisite 
to understanding electromagnetic induc- 
tion and light, but also for later use 
in Units 5 and 6 in connection with ex- 
perimental atomic and nuclear physics. 
It should be kept in mind that while 
Chapters 12, 13 and 14 cover a certain 
amount of fairly standard material on 
waves, light and electricity, a compre- 
hensive treatment of these r ubjectb is 
not a major goal of the co-rse, and the 
temptation to delve more deeply into the 
topic of electric circuits should be 
resisted (within the context of this 
unit) . 



Films (16 mm) 

F30 Speed of Light 

F31 Introduction to Optics 

F32 Coulomb' r > Law 

103 Elections in a Uniform Magnetic Field 
F3<» Electromagnetic Waves 



Demonstrations 

D47 Electrostatic Demonstrations 

D48 The Electrophorus 

D49 Currents and Forces 

D50 Currents, Magnets and Forces 

D51 Electric Fields 

D52 Microwaves 



Loops 

LAI Standing Electromagnetic Waves 



Experiments 

Young's Experiment — lhe Wavelength of 
Light 

E33* Electric Forces I 

E34 Electric Forces II — Coulomb's Lav* 

E35* Currents and Forces 

E36 Currents, Magnets and Forces 

E37 Electron Beam Tube 

E38* Microwaves 

1 ransparencies 

T30 The Speed of Light 
T31 E Field Inside Conducting Spheres 
T32 Magnetic Fields and Moving Charges 
T33 Forces Between Current Carriers 
T34 The Electromagnetic Spectrum 

Reader Articles 

Rl Letrers from Thomas Jefferson,* June 1799 

R2 On the Method of Theoretical Physics 

R3 Experiments and Calculations Relative to 
Physics Optics 

R4 Velocity of Light 

R5 Popular Applications of Polarized Light 

R6 Ac* ion - t a Distance 

R7 Tie Electronic Revolution 

R8 The Invention of the Electric Light 

R9 High Fidelity 

RIO Future of Direct Current Power Transmi- on 

Rll James Clerk Maxwell — Part II 

R12 Collection of Maxwell's Letters 

R13 On the Induction of Electric Currtats 

R14 Relationship of Electricity and Magnetism 

R15 The Electromagnetic Field 

R16 Radiation Belts Around the Earth 
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LAB STKTIOW 
Properties of Light 



rssc Film 6mall CRoup wscasS(0N . 

Speed of Light Xs ^ a *p ar1rc(c ^ a 

Teacher PReseNr/KiioN' Wave. ? 

History of Measurement of SYHTHESi-zjuq piscussiot* 
VefociEj of Light (whole class) 



TTACHeR DEMONSTRATION 
Conversion of Enerciu -fe 
tight 



~T£>?t : Chapter 13 



-J 8 . 3» 4s 

"7e*t Continued Chapter 13 Header. On-foe Method of The- -jj^ I 

ortficaL fhMscs, EVttfetn * 

' J \fy o 



TB/KCHEK DEMONSTRATION 
Static Electricity 
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ExPERIMEiVT 34,: 
Cou\orrik>s Law 



7EACH&? i£CTURE 
Cumrit Electr\c\Ty 
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fearer: A Mirror for the Te*t- 15 | 
Sreun, Walter 



5rUDerrr Acrivrrv pAy 
Unique Electric C^nemtors 

AcTivaftj . Make art Electric 
Qenerafor, see S\tident Hand- 
ko^k ana 1 other ^purees. 
/5 5 



LA8 GTfiCOOHS 
Current ^Balances 
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Current *Batof\ces 



1*. 



LECTURE 
Bectrtc Ttelds 
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tfeoder "ffie Invention of Write Lab Report 
the Electric Liaht, Tosephson 
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HugglnslMb* Maa^ieTic fields 
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and Electrical f^Tentfal 
Ehergy 
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fVogrwms 



13a 

TexC 16 ( - 16 5 



Text- 16 4- - 



deader - Sci**\\$c Xmo^W- 
, Taxman eX at 
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Details of the Multi-Media Schedule 



Day 1 

Lab stations: Properties of -.ight 

1. Reflection. Locate image in a 
plane mirror by ray-tracing . 
(Optional: does = a r ? ^ 

2. Refraction. Use semicircular 
PSSC tanks to trace light rays 
through water or glycerin., (Op- 
tional: calculate n.) 

3. Diffraction. Use coated micro- 
scope slide with razor blade 
scratches to observe diffraction. 
Which is diffracted more, red 
light or blue light? (Optional: 
calculate \.) 

4. Polarized light. Observe crum- 
pled cellophane, Scotch tape and 
crystals between crossed pola- 
roids. See activities in Student 
Handbook. 

5. Particle refraction. Ball is 
rolled obliquely across two levels 
of paper. Ball "refracts" as it 
speeds up. (This is a PSSC ex- 
periment . ) 

6. Scattering. Milk is placed in 
water and scattering is observed. 
See activities in Student Hand- 
book. 



5., fluorescence under ultraviolet 
light 

6. fluorescence by electron bombard- 
ment (Crookes tube or CRO) 
7., flint and steel 

8. hand generator from old telephone 
and neon tube 

9. strip cellophane tape; as it 
separates, a very dim light is 
emitted (not a class demonstra- 
tion) 

10 . spinthariscope 



Day 5 

Teacher demonstration: Static Electricity 

What you can do varies with what equip- 
ment is available, but some properties 
you can show are: 

1. charging by induction and by 
contact 

2. conductors and insulators 

3. electroscopes 

4. storing charges (capacitance) 

5. point discharges 



Day 6 

Experiment 34: Coulomb's Law 

An alternate to this experiment is the 
film "Coulomb's Law," PSSC #0403 (30 min.) 



Day 2 

Film: "Speed of Light" PSSC #0203 (21 min.) 

Teacher presentation: History of Measure- 
ment of Velocity of Light. 
Include Roemer's method, Fizeau's toothed 
wheel, Michelson's method 



Day 7 

Teacher lecture: Current Electricity 

Use demonstrations to supplement general 
discussion of currents, conductors, semi- 
conductors, circuits, potential differ- 
ence, etc. 



Day 3 

Small-group discussion: Is Light a Parti- 
cle or a Wave? 

Students discuss dual nature of light as 
seen in lab block of Day 1. After 15 
minutes, assemble class and allow them 
to compare arguments. It is not neces- 
sary to form definite conclusions, as 
this point is discussed again in Unit 5. 



Day 4 

Teacher demonstration or student demon- 
stration: Energy and light 

Here are some possibilities: 

1. hold wire in flame (incandescent) 

2. spark discharge in air (high 
pressure discharge) 

3. spark discharge in capillary tube 
(low pressure discharge) 

4. Chemo luminescence (Welch #373 5 
$2.00) 
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Day 8 

Student Activity Day 

Students show electric generating de- 
vices that they have assembled. In some 
cases where it is difficult to show 
actual device (e.g., fuel cell), charts 
or drawing might be used. Some other 
possibilities— dynamo, magneto, Farady 
disc dynamo, thermocouples , photocells , 
fuel cells, Van de Graaff generator, 
Wimshurst machines, etc. 



Days 9 and 10 

Lab stations: Current Balances: Students 
do 3 stations each day. 

1. Investigate force as a function 
of current in wire. 

2. Investigate force as function 
of length of wire. 

3. Investigate force as function of 
magnetic field strength, using 
permanent magnets and yokes. 

3 



Multi-Media Schedule 



4. Investigate force as a function 
of magnetic field strength using 
coils of wire to generate field 
b. Other demonstrations may be set 
& 6. up for display such as electric 
field plotters, iron oxide in 
clear plastic box, circuit boards 



Day 11 

Fields r demonstratlon lecture: Electric 

eiectricf^f^ir 9enera1 ' then Ascribe 
o^trationsf 161 " 5 - °" '""Priaf dem- 

Day 12 

Programs: Electrical Forces and Fields 
and Electrical Potential Energy 0 R 
Milliken Experiment (E40) . 

Day 13 

Demonstration of Huggins Tube 

Have interested students construct and 
demonstrate a Huggins tube o r other 
cathode ray tubes. (See Activities 

tuberwill^^ DiSplay of ~ 
tubes will complement the demonstrations. 

Day 14 

Lecture: Magnetic Fields 

Use Transparencies T32 and T33 with dem- 
onstrations to show interactions between 
magnetic fields and moving charges 



Dav 18 



Day 15 

Film:. Prelude to Power 

P^L5 ilm P ^* esents the story of Michael 
Faraday, and how his work in electro- 
magnetism led to the development of the 
dynamo.: 



Days 16 and 17 
Library Research 

txons b of ITV- Soci °l°g^al implica- 
tions of Electricity and Magnetism 

?ne d t0Pi S c ar and O r6SearCh SOme as P ect of 
in ^ Prepare report to give 
in class on days 19 and 20. An inter- 
st,^r g / a 5 iatioK on this is to have 
onleco'd T tiZe Petitions 
(SerSn^'a lt P T are Pla y ed f « '-lass 
time is 1 t " dent Handbook.) Since 

do thil llnuted < lfc might be wise to 

sLad of S i? nment in smal l groups, in- 
stead of individually. p ' 



Mac a hine r s dem ° nStrati0n 5 E ^tromagnetic 

erators 3 ^ 3 ? f dC and ac motors and q er- 
tion c nation and construc- 

electrical n 1S 3 ^ PlaC6 t0 disc ^s 
electrical power distribution.; 



Days 19 and 20 



Student, make their Presentations of 
library research to class 



Day 21 



Physics Supplemental Unit on Maxwell? 



Day 22 

Lab stations: Electromagnetic Waves, 
film loop 

Standing Electromagnetic Waves 
^. properties of microwaves (r>52) 
reflection and absorbtion 

3, properties of microwaves polari- 
zation (052) 

4. short-wave radio demonstration 
(if available), CENCO 80435 
modulation of microwaves (E38) 

6. Reader: The Electronic Revolu- 
tion, Clarke or 

7. radiowaves displayed on an oscil- 
loscope, or 

8. turntable oscillators (E38) or 
y. resonance coils (E38) 

Day 23 

PSSC Film: #0415 (33 mm.) Electro- 
magnetic Waves 

Common behavior of electromagnetic radia- 

dem^n^rateY 1 ^ ° f 

Follow with class discussion on film. 

Day 24 

Class discussion: Existence of the 
Ether and the Miche lson-Morley Experiment 

Day 25 

Small-group discussion: review of Unit 4 
Day 26 

Unit 4 exams 



Chapter 13 Schedule Blocks 



Each block represents one day of classroom activity and implies a 50-mnute period. 
The words in each block indicate only the basic material under consideration. 



Chapter I3 U$\t 

"Read l3 I — IS 3 



MooUjs ex- 
plain ligfit 
phenomena 



'Read <3. 6 



fbst la\o 
and/or 
prcbiem 
Seminar 



flea** 13- <V- 



Uiterf ensue* 
effects and 

model 



13 7, /3 S 



fVopagation 
light waves 



1?eao( I?. 5 and 6 3ft* 



expert merit 



"Review 




f 



It (7 



<*2 2? 



at P9 



IS 



Test 
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Chapter 13 Resources Chart 



T3. 1 ZXhtroducfibVi 



U.S. 'PropayaTion cf 

13. Z f^ef^cUon and 
refraction 



\ 2 
3 

6 S 7 

<? 'a 'I 



(3 4. Xtrte-rf e mnc e 
diffraction 



\A( 13 

15 



£"351* Xoun^s <experiKne*Tt" 



13 S Color 



13. 6 Vv/Huj • $■ -fine sk<^ 
blue? 



/3-7 / P<?l<7vv'iza1ion 



Tfie £tfier 



/7 



erJc 



Chapter 13 Resources Chart 



T30 IFus Speed of light 



"Flo Sf&ed of light 
7? 4, VeAooiTiA of Light 

F3j jCntrcx^udfon to 
opt?c s 



1Z3 ExperirnetitZ and 
Cc*\cxA\d£ion£> 1?e(a"tT^e 
1b 'Physical Optics 



1?5 'Popular Application? 
of folart^eol Light 



Looking info "the eye 



Miscellaneous light activities 



Measuring mctex op refraction 
KaTchthg index of refVwSfron 
Making en ice lens 

Handkerchief diffratfion grating 
Seeing ancA ph^hgmphihoj 
^iflpracTiori patterns 

Color v/ision <^faast((W effect") 
^Properties op "tfte human ege 

'Fbisson^ Sp<?t 

How "to half- Silver a vrurror 



Miscellaneous jf^ofographij activities 
*7Tae camera Pocs //"^ f 
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E32*: Young's Experiment— Measuring the 
Wavelength of Light 

Students observe and measure the inter- 
ference pattern formed by a double-slit 
source. By using colored filters they 
can obtain values for the wavelenatn of 
light of these colors. Suggestions for 
observations of other diffraction and 
interference effects are made in the 
student notes. 

Equipment 

For each student group (at least six jr 
each section) . 

straight filament liqht source 

double slit on film 

pair of telescoping tubes, wooden 
block, rubber bands 

black tape 

Scotch tape ("magic transparent , " 
not the clear type) 

10X eyepiece and scale 

meter stick or mm ruler 

red, gree blue filters 
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Chapter 14 Schedule Blocks 



zracn olock represents one da;- of classroom activity and ir.ohos a 30-nunute vcrxt 
j .10 words m oacu block indicate onlv the oasic material under consideration* 
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Chapter (4- Electricity <W Magnetic Fields 



f?e(ationship 
charge ft? 



efecfP-ic forces 
-Coulomb's 



fbst W> 
And ' or 

Seminar" 



1?^ ad /*/ 6 



A closer 
look of 
electric* 
choxvyes 



"Read w~? \ & <s 




Current 
tfnd 

Circuits 



H ead f4- « , /A, (g 



'ReLatmoj 
electric and 
rnacyneX\c 
farces 



'Read 14* IS and £37 



beam lube 



Post -lab 
and lor 
problem 
Seminar 



1?ev_tew 




G 7 



I* I '7 



3? 



CUa^yr IS 



P9 7t 



Test 
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Chapter 14 Resources Chart 



)4" ' ^introduction 



E 33 Electric forces i 



)4- 2 "TFie curious proper- 
ties of lodestone, 
and amber 

(^3 Electric charges 
and electric fortes 



(4. 4. forces and fields 



/ 

? 

7 



8 



CP4-"7 Electrostatic demonstrators 



5 £134- £fecfinc forces - 
Coulomb's tow 



14- 5 TF?e ^srraltest 



to 
'I 



13 /5 



f^.£ fiarly research 
wrfc eiectr\c 
charges 

'4'- 7 £T(ectWc currents' 



P4 Tfi e elecTropVxoras 



ity- % £"lectr ('c poTerrtTa( 

H!ectnc potential 
chfference and 
current" 

^ *° /Tte^Jric potential 
di^Y^rence and 
power 

l$ if Cunoerite act on 



\\. Currents act on 
Currents* 



O ^13 Magnetic ietds 

ERIC 



15 
'7 

Si 



55 



So 



S3 
2<S 



S9 

3o 



Vtyt Currents and farces 

£35 Currents &*\d -forces. 

2>5o Currents } nvxoyxets (Xnd forces 

Elb Currents , magnets and forces 

3 ' £~J7 tzlectren- beam lube 



Chapter 14 Resources Chart 



7? 6 Action tft a PiSfance 



fs( E -field inside 

Conducting Sphere 



F'sa Coulomhs law 



Demonstratrioj electrib -fields 
Venxonffratvn of electric fields 
in "ffinse dimensions 



Voffaic pile 



perpetual motion mach 



Tj3 "Fbrc^s between 
current earners 



"Fbrce /aw -/tTr bar magnets 



WWs who in TV 



T3» Magnetic f-uelds and KWino Oiaracs 
T^S Electrons in a Wneform 1^a^K\etfc F/eM 



Measuring maqneftc field intensity 
Additional activities us\no\ 
efe^von - be/\Yt\ tube 
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Experiment Summaries 



Summary of Experiment 33*. Electric 
Forces I 

A length of Scotch tape is charged by being stuck to 
i table and then peeled off* This strip is suspended and 
used to detect and classify (attraction or repulsion) th»- 
charge on other objects — strips of tape,, rubber plastics, 
rubber, etc. Students should be able to conclude that 
matter can be charged in only two possible ways. The 
attraction between a charged object anri an uncharged one 
is left as a puzzle for the students. 

Equipment 

Scotch tape ("magic transparent" type) preferably in 

a dispenser 
table stand and horizontal rod 

variety of plastic strips, rubber rods, cloth, cat's 
fur,, etc. 

Summary of Experiment 34 Electric 
Forces II — Coulomb's Law 

The experiment gives students direct experience witv 
an inverse-square force law. Several methods could be* 
used to measure the small forces involved. The sod^- 
striw balance used in this experiment does not requiro 
indirect geometrical calculations. The same lev^r prin- 
ciple will be used later in current balance and electro- 
lysis experiments. As students do the experiment they 
have a real and obvious sense that they ire measuring 
forces . 

They should find that F * and, in an e\tension to 
the e\pennent, that F ■> q,q . 

Equipment 

For each student team (the "Electrostatics Kits" pro- 
duced for the PSSC course— e.g., Macalaster Scientific 
#1001, are a convenient source of many of these items)* 

1 soda straw 

2 coated polyfoam or pith spheres 
2 plastic slivers 

1 balance support 

2 straight pins 

about 15 cm wire, #30 copper 
torceps 

4 • 6 inches (approximately) file card or pad 

1 ring stand with test tube clamp 

plastic strip and cloth for charging spheres 

ruler 

For general use: 

wire cutters (scissors will do) 

knife or razor for cutting notches 

glycerine, mineral oil or vacuum pump oil, about 

10 cc per unit 
some materials for measuring distances 
t<»oe — double stick if possible 

Summary of Experiment 35*. Currents j F orccs 
and Forces 

Students first do a brief qualitative investigation 
of the interaction between a magnet and a current. This 
is to f aui 1 lar lze them with the equipment, it also fol- 
lows the order in which the topics are developed in the 

In the mail part of the experiment students investi- 
gate the f> r cc I -ween two parallel current-carrying con- 
ductors . 

There are ttree combinations of variable to be stud- 
ed: force as « function of the current in one of the 
wir.'Sj force as a function of the distance between the 
wires; force as a function of the length of one of the 
wires.. It is suggested that the class be divided into 
three groups, each to study one of the combinations. 

Equipment 

A. Force as a function of current 



2 dimeters, 0-5 A dc 

2 rheostats* about 5 ohms, 5 amps 

1 ring stand and test tube clamp to hold zero indicator 

hook-up wire or clip leads 

forceps 

ceramic magnets 

B. Force as a function of distance 
Sane as Group A, plus: 

1 snail nirror . Pressure-sensitive centimeter tape* 
is stuck along one edge. This "anti-parallax" device 
IS used for measurement of d , ( distance between wires. 

C . Force as a function of length 
Same as Group B, plus: 

<* magnesium balance loops 

Summary of Experiment 36* Currents. 
Magnets and Forces 

From the first part of Experiment 35, and from Denon- 
stration 49 it is clear that when a current is in a mag- 
netic field, there is a force on the current. 

In this set of three experiments, students make meas- 
urements of this force. One group of students investi- 
gates the variation of force with current , another in- 
vestigates how the force varies with the length of the 
magnetic field , and the third group measures the strength 
of the earth's magnetic field . 

Equipment 

A. 1 current balance, with longest loop 
1 power supply, 6-8 v dc 

1 variac or 1 rheostat, 5 ohms y 5 amps 

1 ammeter 0-5 A dc 

2 ceramic magnets, iron yoke 
wire leads 

50 cm of #30 copper wire 
forceps 

B. Same as Group A plus: 

2 additional iron yokes , enough ceramic magnets so 
that a total of 3 matched pairs can be found. If 
more than 3 pairs are possible, so much the better. 

C. Same as Group A — but ro magnets: It is possible that 
students will prefer a thinner wire than the #30 copper. 
They can then use linger length. For example, 5 cm 

of #37 copper weighs about the same as 1 cm of #30. 

Summary of Experiment 37 Electron 
Beam Tube 

Students assemble simple electron beam tubes (this 
could be done at nome) . With standard laboratory vacuum 
pump and power supplies the tube should give a beam sev- 
eral centimeters long that is made visible by ionization 
of the residual air in the tube. Students can observe 
the deflection of the electron beam in electric and mag- 
netic fields, operating principle of television picture 
tubes and cathode-ray tubes. 

Equipment 

For assembly: 

electron beam tube kit 
silicone rubber sealant 
wire cutters 

At operating station: 

vacuum pump 
power supplies: 

a) about 6V,, 5A with 5fi,. 5A rheostat and ammeter, for 
filament 

b) about 100V dc for anode, with higher and/or lower 
voltage taps for deflection plate. 

hook-up wire 

magnets and yoke (from current balance) 



1 current balance, with the longest magnesium loop* 
1 power supply, b-8 v dc 
about 50 cm #30 copper wire 
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Chapter 16 Experiment Summaries 



E38 # : Waves, Modulation, Communication 

After a series of demonstrations usmq 
turntable oscillators, coil-capacitor 
curcuits and microwave equipment, students 
experiment with the same equipment. Al- 
though the student notes suaqest some 
investigations not covered in the demon- 
stration, they can quite profitably repeat 
the demonstrations for themselves either 
before beg\nnmq the new work, or instead 
of it. 

Equipment 

A. Turntable Oscillators 

pair of turntable oscillators 
"Pentel" pen 
recording paper 

masking tape for adjusting fit of 
pen m slot 

ruler for measuring traces 

B . Resonant Circuits 

pair of resonant (coil capacitor) 
ci rcuits 

ampl if ler 

oscillator 

cathode-ray oscilloscope 

loudspeaker 

hook-up wire 

C . Microwaves 
microwave generator 

(2) ampl if ler/power-supply units 

diode detector 

100 iA meter 

osci 1 lator 

(microphone ) 

loudspeaker 
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Brief Answers to Unit 4 Study Guide 



Chapter 13 

13.1 7.5 



13.2 



13.3 



(a) 
fb) 
(c) 
(d) 

(a) 
(b) 
(c) 



13, 
13. 

3 

13. 
13. 
13.9 



cm 

distance too snail 
no 

1 arqe di stances i nvol ved 
lower limit was achieved 

4.4 ■ 10 ' m 

3.0 » 10" m/sec 

con-junction ryele 

> 10' 



m 

4 . 3 yrs . r 28 times 

path shown 

36" 

invisible 
di aqrams 



13.10 (a) 
(b) 

13.11 (a) 
(b) 



diagram 

inverse with hciQht 
diaqram 



mv = mv sin 
x 



mv = mv cos 

y 

Smv and mv 



enerqy conservation 



mu 



x 



mu sin 



mu 



mu cos 



no 

discussion 



(c) 

(d) 
(e) 

(f) derivation 

13.12 diagrams 

13.13 (a) (m + S) < 

(b) red 

(c) increased fringe separation 

(d) same as (c) 

(e) same separation 

13.14 appears in bright fringes 

13.15 constructive interference 

13.16 6 > 10 5,1 cps; 10 1 ' 1 times AM 

13.17 (a) 
(b) 

13.18 discussion 

13.19 discussion 



Chapter 14 

14.1 (a) tripled 

(b) halved 

(c) not changed 

14.2 95 km 

14.3 discussion 

14.4 yes; positive 

14.5 (a) 1.6 N/kg 
(b) 4.1 10 9 N/kg 



14.6 

14.7 

14.8 

14.9 
14. 10 
14.11 
14.12 
14.13 

14 . 14 
14 .IS 
14.16 
14.17 
14 . 18 

14.19 

14 .20 
14 .21 

14.22 

14.23 
14.24 
14.25 

14 .26 
14.27 
11.28 
14.29 

14. 30 
14.31 



reaction to field, then to 
source 

(a) riant 

(b) down 

(a) 10 coulombs 

(b) 10" ' couiombs/m 

sketch (normal to surfaces) 
help 

e lectrons 



6.25 
3.4 



• 10 
10 4 - 



m/sec 



1 1) S i?v 

a) 1.2 - lo- 

(c) 1.5 > 10* 
conductor 
30 volts 
2<j ro 

der i vation 

(a) 3 - 10' volt/meter 

(b) lO'' volt/meter 

(a) 12 volts 

(b) zero 

(c) 12 volts 



(a) 100 eV cr 



(b) 5.6 



10 



1.6 * 

m/se. 



10 



• l ? 



(a) 
(b) 
(c) 

(a) 
(b) 



4 amps 

5 ohms 
15 volts 

10 ; volt:. 
5 > 10* 



■) oules 



discussion 
20 watts 

(a) 8 watts 

(b) 20 watts 

(c) 40 watts 

compass can't respond 
north 

3 amps north 

(a) derivation 

(b) v, B and H 

derivation 

(a) derivation 

(b) discussion 



(c) 



14.32 west 



Chapter 15 

15. 1 discussion 

15.2 yes 

15.3 all except (d) 

15.4 discussion 

15.5 (a) exercise 

(b) upward 

(c) downward 
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15.6 
15.7 
15.8 
15.9 
15.10 

15.11 
15.12 



15.13 
15.14 
15.15 
15. 16 
15.17 
15.18 
15.19 
15.20 



Lenz's law 
outside magnet 
opposite 
discussion 



(a) 
(b) 
(c) 

(a) 
(b) 



1 amp 
10 ohms 
burn out 

1/12 amp 
1440 ohms 



(a) 
(b) 
(c) 



1 amp, 4 amp 
1/5 watt, 1/20 watt 
0.97 amp, 0.19w, 5.6w: 
0.50 amp, 0.0 5w, 6w. 

5 amps 

derivation 

low voltage coil 

discussion 

discussion 

report 

discussion 

sketch 



16.23 discussion 

16.24 discussion 

16.25 unnecessary for math, description 

16.26 discussion 

16. 27 discission 

16.28 body: mechanical models 

grin: mathematical description 



Chapter 16 

16.1 symmetry 

16.2 no 

16.3 accelerating charge, mutual 
induction . 

16.4 (a) height 

(b) pressure 

(c) field strength 

16.5 measurement uncertainty 

16.6 detector orientation 

16. 7 light properties 

16.8 discussion 

16.9 absorbtion effects, etc. 
16.3 0 5 y 10 6 in 

16.11 10 m to 10 7 m 

16.12 frequency modulated 

16.13 discussion 

16.14 discussion 

16.15 ionospheric reflection of 
shorter wavelength radiation 

16.16 27,900 miles 

16.17 phase difference between direct and reflected waves 

16.18 AM; FM 

16.19 2.6 sec. 

16.20 absorbtion 

16.21 evolution 

16.22 UV a'.d IR 
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Study Guide 
Chapter 13 



13.1 



1 I 



c) 



t y 

[/ x/2 = 3/2 cm 
25 cm 10 cm 



25 * 3 cm 
X = 10 

x = 7,5 cm 




13.2 

a) Galileo was unsuccessful because the 
distance he used was far too short to detect 
any delay in arrival of the light signal. If 
the distance had been even 3 km in total, light 
would travel that distance in a time of 



10 3 m 



3 ^ 10 9 m/sec 



= 10-5 



much too small a time delay to detect by his 
method.. 



The curve can be seen to repeat itself after 
a little more than one year (actually 12/11 of 
a year— computing this value is similar to 
calculating how many hours after midnight the 
hands of a clock again coincide). The cycle, 
of course, represents the apparent differences 
in period of lo as seen from the earth in the 
time taken for the earth to move from one con- 
junction with Jupiter to the next.. 



13.4 



b) It is not possible that at Galileo's 
time anyone could have detected a delay in the 
time of arrival of a light signal sent between 
two points on earth. If we assume that a 
detectable delay time would be in the order of 
1/5 sec, tnen the round-trip distance neces- 
sary would be 1/5 sec x 3 x 10 8 m/sec = 

6 x 10 7 m or 6 x 10 *♦ km! 

c) Celestial observations can involve very 
large distances and therefore the corresponding 
time difference resulting from the finite speed 
of light can be easily detected and measured 
accurately . 



One light year 

= speed of light in m/sec x number of 
seconds in one year. 

Number of seconds in one year 

, ~ sec , min «, hr , 

= 60 — — x 60 : x 24 - — x 365 days 

mm hr day 

= 3.16 x 10 7 sec. Therefore one light year 

= 3.0 x lo 8 — x 3.16 x io 7 sec 
sec 

= 9.5 x 10 1 5 m. 



d) Suppose the longest time that light might 
have taken in getting from one observer to the 
other without the observers detecting the delay 
was 1/2 sec for the round trip of approximately 
3 km. We could then conclude that the speed of 
light cannot be less than 6 km/ sec. Thus, 
Galileo's experiment did show a lower limit 
for the speed of light. 



13.3 



1.75 



a) In 13/4 days the earth makes *1'/L of a 

J 65 

revolution. Therefore, the distance traveled in 
1.75 



that time 



365 



* 2 * * 1.5 



10" D 



4.4 * 10- 



b) If the earth traveled 4.4 y 10 9 m directly 
away from or toward Jupiter, then the 15 seconds 
represents the time required for light to travel 
that distance. Therefore, the speed of light 

4.4 * 10 9 m - rt « . 
= 15 sec = 3 '° X 10 m/sec * 



13.5 

To travel 4.3 light years at the speed of 
light requires, by definition^ <+.3 years. At 
only 1/1000 of the speed of light, the trip 
one-way would take 4,300 years. The speed 
given is 300 km/sec. This is 300/11 = 28 times 
as fast as the rocket bound for Venus. 



13.6 

The shortest path from A t 
is the path shown (each half 
Phythagoras 1 theorem must be 
path is longer than 10 cm in 
follows a path such that the 
and reflection are equal. On 
shown has this property. We 
follows the path from A to M 
the least time (light always 
time paths) . 



o B via the mirror 
of which by 
5 cm) . Any other 
total. Light 
angles of incidence 
ly the 10 cm path 
see then that light 
to B that requires 
travels by least- 



ERIC 
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13.7 




13.9 
a) 



v 



To calculate the height ot mirror required, 
vvo need to consider the path taken by light rays 
from his feet to the mirror and then to his 
eyes. Also consider light from the top of his 
head to the mirror and then to his eyes. 
Assume his eyes are 6" from the top of his head. 
Any reasonable distance from the mirror is sat- 
isfactory. The solution of the problem depends 
on the equality of the angles of incidence and 
reflection, which is independent of the distance 
from the mirror. 



b) 



A I 



at 

I 



Useful j I 

Mirrcr f { 

U 
1 

11" 



l 

t 




c) 



The distance from his eyes to the t w of tjis 
head is not important either, as can be seen 
from the second diagram. 




The effective mirror length is 



'K72 - x)" +| 



36" - £ 

2 



36" 



13.8 

If the reflecting surfaces of visible objects 
changed so that they completely absorbed any 
light falling on them, they would no longer be 
visible. The only things visible under such 
conditions would be actual sources of light. 
The world would not in fact "appear" at all— 
only lighr- sources would "appear." 




13.10 

a) Light entering the atmosphere at a 
near -grazing angle is shown refracted into the 
atmosphere in a slight curve. Thus the light 
received at sunset or sunrise did not come in 
a "straight line" from the sun, the sun being 
"below" the horizons. 




b) This atmospheric refraction indicates 
that the earth's atmosphere is more dense at 
lower altitudes. 
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13.11 
a) 



Y 



force. Therefore, we proceed b> drawing a vector 
u equal v . Then £rom v the tail of vector u . 
we draw a Tine at angle » to the vertical, 
allowing it to intersect a vertical line dropped 
down from the head of u * We have thus mechani- 
cally constructed vectors representing u^ and u. 



b) Kinetic energy of a single particle 



mv = mv sin 9 
x 



mv = mv cos 0 

y 



c) Since no work is done on the particle, 
kinetic energy is conserved. The x-component 

of the momentum is also conserved since no force 
acted in that direction; however, the y-component 
of momentum is not conserved. 

d) Since energy is conserved, kinetic 
energy of incident particle = kinetic energy 

of reflected particle. %mv 2 = %mu 2 . Therefore, 
v = u (strictly speaking v = ±u, but the negative 
sign has no significance here). 



e) 





mu = mu cos fa 
y r 



f) Since the x-component s of the momentum 
are equal before and after collision, 



mv = mu 
x x 



mv sin 9 . = mu sin 6 but u « v [from 
1 r part (d)] 



sin 



sin 6 



thus G . = 9 . 
l r 



13.13 

a) Destructive interference occurs if the 
path difference = (m + 1/2) X, where m = 0, 1, 
2, 3.... 

b) The separation of the fringes is greater 
for red light than for blue light because the 
wavelength and hence the corresponding path 
difference is greater for /ed than blue. 

c) Increasing the distance to the screen 
resulcs in increased separation of the fringes 
(actually, they are directly proportional). 




13.12 

We can represent t^e velocity of the incident 
particle by a vector v at angle a to the y-axis 
and the velocity of the reflected particle by a 
vector u at angle B to the y-axis. These two 
vectors must have the same x-component because 
no force acts in the x direction, but the y 
component of u will be greater than the y compon- 
ent of v because of the action of the accelerating 
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d) The separation of the fringes becomes 
greater as the slits are moved closer together. 




13.17 

a) The poet Richard Savage cannot be classi- 
fied as a "nature philosopher," In fact his 
poem The Wanderer is apparently a poetic inter- 
pretation of Newton's theory of color. 

b) Probably Richard Savage has a better 
understanding of physics than James Thomson, 
but it is difficult to judge on the basis of 
only one poem. Judging which is the better 
poem is another matter; for most persons the 
accuracy of the science content would not be 
a major criterion. 



e) Narrowing each slit results in more dif- 
fraction and consequently an interference pattern 
consisting of brighter fringes but the separation 
of the fringes remains unchanged. 



13.14 

There is no loss of energy in an interference 
pattern: the energy which is not apparent in the 
dark fringes actually appears in the bright 
fringes. 



13.15 

Diffraction occurs around the disk. Since 
all points along the center of the shadow are 
equidistant from the light source and the edge 
of the disk, constructive interference occurs 
between the diffracted waves. Hence, there is 
a bright spot on the screen in the center of 
the shadow. 



13.16 



In general, frequency 



speed 



For 



wavelength * 
green light, frequency 

3 x 10 6m/ sec c . u , 
= 5 x iQ- 7 m = 6 * lO^/sec. This is often 



referred to as 6 x 10 ll+ /cycles/sec. 

The frequency of the normal (AM) radio broad- 
casting range is from 54 kilocycles/sec to 160 
kilocycles/sec (i.e., from 5.4 x 10 4 eye les/sec 
to 16 x lo 4 * cycles/sec). 

The FM broadcasting range is from 88 mega- 
cycles/sec to 108 megacycles/ sec (i.e., from 
8.8 x 10 7 cycles/sec to 10.8 x Hr cycles/sec). 

Thus the freqjency of green light is 
approximately 10 1 0 times that of AM radio 
frequencies, and 10 7 times that of FM radio 
frequencies . 



13.18 

Suppose the windows of apartment A had 
polarizing sheets over the glass with the 
polarizing axis vertical, and apartment B 
had the sheets oriented with the axis horizontal. 
Then both apartments would receive light from 
the courtyard and the sky above but light would 
not be able to travel from apartment A into 
apartment B or vice versa. 



13.19 

Suppose every vehicle had polarizing 
sheets over the windshield and headlights, 
with the polarizing axis oriented at a 45° angle 
from the lower left to the upper right as 
viewed by the driver. Consider light from 
headlights of an approaching car: in passing 
through the polarizing sheet over the head- 
lights it becomes polarized in a plane that 
is at a 90° angle to the polarizing axis on 
the windshield of the other car. Hence, the 
light would be blocked and the drivers of 
both cars would view the highway without 
being blinded by glare. Due to imperfections 
in the polarizing sheets and the action of 
dust on headlights and windshields the drivers 
would be able to see the other car ! s head- 
lights, but only dimly. 
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14.1 

a) The distance must be tripled. 

b) The distance nust be halved. 

c) The distance must not be changed, 

14.2 

F el = k VB 

F el (coul)2 ™ 

R 2 = 9 x 10 q m 2 = 90 x 10 8 ra ? 
Therefore, R = 9.5 x 10 u m or 9d km 
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GM 



(6.67 x lQ-H ~r)Q.4 * 1Q3Q kg ) 

(1.5 x 10 6 m) 3 

g = 4.1 x 10 9 7- 
kg 

c) Assume a uniform density D for the earth, 
so that the mass inside a sphere of radius r is 



M 



|Trr 3 D. 



At a distance r from the center, the effect of 
all matter outside a sphere of radius r would 
cancel out. The field due to the matter inside 
r is 

M 



= o4 

r c 



4 \ 
-Trr D 



■ G- 



14.3 



(^tiGD)r 



The separation of charge occurs in such a way 
that one side of the object will be positive 
and the other negative. The difference in dis- 
tance between these two concentrations of charge 
and the charging body results in a net force of 
attraction. 



14.4 



Thus a gravitational field inside a homogeneous 
earth would increase in direct proportion to the 
distance from the center. 

Actually the earth is several times more dense 
in the middle than near the surface; moving 
closer to the dense core overcompensates the 
amount of material left outside, and the field 
strength increases for some distance into the 
earth. 




^\ ^> ^ 

Negative charges are repelled into the finger 
when it touches, leaving the ball positively 
charged . 



A 



0 * 

Homogeneous PU^NtT 




14.5 



x GM 
a) g = 77 



Nm2 



(6.67 x 10-11 77^X7.3 x 1022 kg) 
fSS 



(1.74 x 10 6 m) 2 



1.6 f 



b) The mass of the star is M B (density) 
(volume) ■ (dens ity)(4/3ir r 3 ). 

= (10 11 %(^)(3.14)(1.5 * 10 6 m) 3 



« 1.4 x 10 3 0 kg. 
The field at the surface is 




The case for the actual earth is rather com- 
plicated. However, some students might enjoy 
taking average values for core and mantle, make 
separate graphs for the fields due to each, and 
add them to make a rough graph of total field 
against r. 



ERIC 
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14.6 



14. 10 



An equal but oppositely directed force must 
be experienced by the field (but since the field 
is the connection between the charged particle 
and the source of the field, the source of the 
field also experiences the reaction force). 



14.7 



14.8 

a) The formula for the electric field 
strength of a spherically symmetrical charge 

is E = kQ/r 2 . in the MKS system of units that 
uses volts and coulombs, the value of k is about 

10 10 . The radius of the earth is about 10 7 
meters. If the field strength at the surface 

is 10 2 , then 



10 2 = 



Q * 



10 1Q Q 
(10 7 ) 2 



10 1 



10 2 



10 



10 



Air friction is a help because it makes a 
small charged body stop moving if the electric 
force and gravitational force on the body are 
balanced. When the body stops moving the air 
friction becomes zero and the only forces then 
acting are electric and gravitational, which 
are tnen known to be equal. 



14.11 

Call n the number of electrons required for 
one coulomb of charge. Then 

n x 1.6 x 10" 1 ^ coul/electron = 1 coulomb 

_J — , . - n 18 



1.6 x io 



-19 



electron = 6.25 * 10 18 electrons 



14.12 



el 



k^ 
R 2 



grav mf Gra 2 



ka£ a is / a \ 2 

G \mj 



Therefore, 
F 



el 



grav 



9 x 1q9 N-m 2 /C 2 



6.7 x 10- H N-m<7kg ; 



1.6 x 1Q-I9 C \ 2 

io- 30 k 8 



= 3.4 x io 



<+2 



14.13 



3 10 b coulombs. 

b) The form'ila for the surface area of a 
sphere is 4nr2. For the earth, this is roughly 

10 x (10 7 m) 2 = 10 15 m 2 . If 10 6 coulombs of 

charge is distributed over 10 1 s square meters, 

the average charge density would be 10" 9 r-mlombs 
per square meter. Common static charges on 
combs, people, etc., are something like 10~ 9 

coulombs., So 10" 9 coulombs /m is a fairly small 
static charge. 



14.9 




a) mv 2 kq 2 . 2 M 2 
— * thus, mv 2 * ^- 

R 

and the KE, W 2 = ^ 
R 

b) ke = %!a 2 

= h x 9 x 1 0 9 ±S1 x (1. 6xlO-19 C ) 2 
C 2 IO' 10 * 

- 4.5 x io 9 x 2.56 x 10-38 x io 10 N.m 

= 11,6 x 10' 19 joules 

= 1.2 * 10" 18 joules 

(to two significant figures) 

c) %nv 2 * KE; thus, v =y^M 



2 x UT 18 W»m 
10- 30 kg 
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'2.4 



10- 



v = U_5 y lCr m/sec 
Note . li3 ^ kg*m/sec ? *m = mj 



kg 



14.14 

A metal comb will not acquire a net charge 
because it is a good conductor and any charge is 

"grounded" by the person holding the comb that 

is, any separation of charge occurring between 
the comb and the person's hair is immediately 
redistributed. However ,> if the comb were in- 
sulated from the hand by some material, then 
iL could acquire a net charge. 

14.15 



14.18 

a) A potential diftcrcnco ot 3o,000 volts 
across a distance of 1 c it .mplies an electric 

30,000 volts 



fieh* strength in the jap of 



.01 meter 



3,000,000 volts/meter. In most cases the field 
wouldn't he urulorm and so this would he an 
average value. The air between pointe d elec- 
trodes 1 cm apart can break down when the 
potential difference between them is only about 
10,000 volts, because the field is so intense 
near the points. 



The potential difference would be 

6 x 10"'* loules 
2 x 10-^C 



30 ;joules/coul or 30 volts 



14. 16 

The electric field in that region must be zero 
at all points. 



b) A potential difference of 10,000 volts 
across a distance of 1 mm implies an electric 
10,000 volts 10>000>000 



field in the gap of 



♦001 meter 

volts/meter.. Even in the small gap region the 
field wouldn't be uniform, so this value is only 
an average , 



14.17 



14.19 



One volt is one J ou ^ e ; or, since a joule is 



a newton-meter , one 
volt 



coulomb 

newton-meter 
coulomb 

newton-meter 



one 



meter 



is one 



coulomb 
meter 



Therefore, 



newton 
coulomb * 



The greater the electric field, the greater 
will be the electric force on a charged particle 
and so the greater will be the work done on it 
in moving th ough come distance. Thus, the 
greater the electric field, the greater the 
change of potential difference with distance. 
The rate of change of potential difference with 
distance (volts per meter) is a measure of the 
electric field strength (newtons per coulomb). 

Another approach would he: 



Work « 

Potential difference « 



qEd 
Work 

q 

qEd 

q 

Ed 



g o g _ potential difference 
d 



a) The potential at A is 12 volts higher than 
the potential at D. 



-<5>r 



-<D~ 

b) The potential of the terminal at the left 
is the same as the potential of the terminal at 
the right.. Both are 6 volts above the middle 
terminals . 

-Of ' t O 

*o o 

c) The potential of the terminal at the left 
is 12 volts higher than the potential of the 
terminal at the right. 

-Ch 
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14.20 

a) kinetic energy gained = 100 eV or 
100 eV > 1.6 > 10~ 19 j/eV = 1.6 ' 1<T 17 J 



b) W = KE,. so v = y 

J 2 x 1.6 x 1Q-1 7 j 

/ 10-30 kg / 

5,6 > 10 f m/sec 



2KE 



32 x 10 1 - 



scc^ 



14.21 



Voltage 



Current 



Resistance 



a) 2 volts I=V/R=4 amps 0.5 ohms 

b) 10 volts 2 amps R=V/I=5 ohms 

c) V=IR=15 volts 3 amps 5 ohms 



14.22 

a) If thunder clouds are roughly 1000 meters 
high, then a field strength of about 10 u volts/ 
meter under the cloud would imply an earth-cloud 
potential difference of roughly 10 7 volts. 

b) A charge of 50 coulombs transferred across 
a potential difference of 10 7 volts (that is, 10 7 
joules per coulomb), would release roughly 5 x 10 8 
joules of energy as heat, light and sound. 



14.23 

The rate at which the kinetic energy of the 
charges in the beam is being increased is 

4 * 10 6 volts * u x amps c 1>6 x io n watts! 

The pulse lasts for only 3 x 10" 8 seconds, so 

the energy of a pulse is 1.6 * 10 11 watts * 3 * 

10 -8 seconds = 4.8 x 10 3 joules.. It isn f t clear 
from the advertisement what accuracy is intended 
for the figures^ nor is it clear whether they 
are average or peak values. So, the expression 
"5000 joules" is not unreasonable, but certainly 
it seems that the company hasn f t sold itself 
s ho r t . 



14.24 

The accelerating potential in a TV tul° is 

about 2 x 10 1 * volts. A beam of 10" 3 amps will 
therefore require, and deliver, electric energy 
at a rate of 



VI 



= 2 v io* . 10" 1 
= 20 watts. 

If we assume that 10"^ amps of beam all impinge 
on the screen, and that all of the energy ol 
impact >:oes into producimi visible liv:ht, then 
the total light output from the screen should he 
about the same as that of a 20-watt fluorescent 
lamp (which is considerably greater than the 
output of a 20-watt incandescent lamp, which 
puts out mostly heat). 



14.25 

P = VI, or P = I 2 R. using either of these 
relationships, the power in each part of 
question 14.13 is 

a) 8 watts. 

b) 20 watts. 

c) 45 watts. 



14.26 

Since the current is in a horizontal wire, 
its circular magnetic field at the same horizon- 
tal level is vertical. ThuS| the compass needle 
would tend to turn in a vertical plane, which 
its suspension was not designed to allow. (The 
compass would have responded if it had been held 
over or under the wire, providing that the 
current in this situation does not happen to 
be in an east-west direction: why?) 



14.27 

to the north 



14.28 

3 amps to the north 



14.29 



v „ mv ^ 
a) ovB = — ; R 



mv 
qB ; 



b) Since q/m ■ v/RB, you would need to know 
the speed v, the magnetic field strength B, and 
the raaius R of the particle's orbit. 
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14.30 



The period T is given by the circumference 
divided by the speed: 

T - 2_-R = 2r(mv/qB) = 2im 
v v qB 



14.31 



a) The magnetic force Pev is a centripetal 
force, so we can write 

mv 2 

Bev = . 

r 

Solving this equation for r, we get 

mv 
r = — • 



Obviously, r decreases as B increases. 



b) The force on the particle is perpendicular 
to both its velocity and the field. If the field 
lines converge^ there will be a component of 
force in a direction away from the region of 
convergence. For certain combinations of v, m, 
q and B, the particle will "reflect" and reverse 
direction along the field. 




14.32 

The magnetic field of the earth is directed 
from south to north. Using the right-hand rule, 
you will find that positively charged bodies 
will be deflected towards the east. They will 
appear to be coming "out of the west" and a 
directional detector would have an appreciably 
higher count rate if directed somewhat toward 
the west. 
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Solutions to Chapter 15 Study Guide 

15.1 

The mi in sources of cneigy were: 

a) "man -power" 

b) The energy of work animals such as 
o\c»n, hoises,< etc, 

c) The energy of work of moving water 

d) The chemical energy of coal, wood, 
oil, gas etc., that could be changed to heat 
energy by combustion and then to mechanical 
energy by steam, oi internal combustion 
engines . 

The energy was transported by such things 
as trains, wagons, trucks, etc; "man-power" often 
walked. Oil and gas flowed in pipes to where it 
could be used; the energy of moving water was 
transported in flumes, etc. 



15.2 

Yes. Newton's third law of motion implies 
a reaction. To detect tins force, suspend 3 
loop of currcnt-cai ry ing wire which is fice to 
turn in the vicinity of the magnetic needle. 
(One type of sensitive current - ind icat ing meter 
uses such a mechanism; it is called the 
D'Arsonval galvanometer.) 



which st at CP th it induced motion of a ch u ^ is 
always in such a dnection as to cause a it action 
against whatevir initially produced the motion.) 



15.6 

There is no magnetic opposition to the 
turning of the coil unless a current is bein* 
generated, and of course, there mu^t he a com- 
plete circuit before there can be a current in 
the coil of the generator. The lamp serves to 
complete the circuit. 

*Jhen the current l being geiv?rat-d, the 
opposing magnetic force causes a torque (lurmnu 
effect) which opposes the applied torque. So 
work is required to rotate the coil; mechanical 
energy is changed into electrical energy. 



15.7 

The magnet falling outside the loop of 
wire reaches the ground first. The magnet pass- 
ing through the loop induces a current in the 
loop . The induced current has a magne t ic lie Id 
that opposes the motion of the magnet (see answer 
to question 15.5). So when the magnet is above 
the loop, the force on it is repulsive, reducing 
its acceleration. When the magnet is below the 
loop, the force is attractive, again reducing 
the acceleration. 



15.3 



In all cases except (d) . 



15.4 



Stcadv currents produce magnetic fields, 
but it reouires changing magnetic fields to 
produce currents. 



15.8 



Using of the hand rule twice shows that the 
additional force is opposite to the original 
direction of the charges. Thus, the current 
decreases. Tliis decrease is due to the "back 
voltage" developed by the induced motion of the 
wire across the field. 



15.5 

a) If you use the right -hand rule, you 
will predict that positive charges tend to move 
along b toward you. If you use the left -hand 
rule, you will predict that negative charges 
(free electrons) flow along segment b away from 
you . 

b) The additional force is directed 
upward ; opposite to the direction of motion of 
b. 

c) The additional force is directed down - 
ward , opposite to the direction of motion of a. 
Again there is a reaction against what caused 
the motion of the wire ir. the first place. 
(There is a general principle, "Lenz's Law," 



15.9 

The more slowly the motor goes, the greater 
is the current. As the motor speeds up, the 
"back voltage" across the coils increases, reduc- 
ing the current in the coils.. 



15.10 

a) Each of the dozen lamps dissipates 10 
watts, so the entire set dissipates 120 watts* 
The electric power input is 

P - IV 

120 watts = I * 120 volts 
so, I = 1 amp 
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b) Wo know the power dissipation in each 
loop is I R, and the current in each bulb is 1 
amp, so R must be 10 ohm.*. 

c) If a 10-ohm lamp were connected directly 
across the 120-volt line, the current would be 



j V 120 volts 

1 = R = 10 ohms * 12 ' 1nT 



The electric power going lo the bulb would be 

I* R ■ 1440 walls! 

The lamps \ould burn out very quickly, probably 
befo-e the fuse in the wall circuit burned out. 
(Note that the total current for a very short 
time would be 144 amps.) 

15.11 

a) The electric power input ib P = IV, 

so, 10 watts c I v 120 volts. Thus I = 1/12 amp. 

b) The power dissipated by each lamp is 
I : R, so 10 watts ' R, the R = 1440 ohms. 



13.13 

The output p ow t i issunud equal to tin 

input power. So, 



IV =1 V , 

S S p 5 



and I • (> volts = \ imp . 120 volts. 
Thus, I = 5 amps. 



15.14 

The voltage r.Uio is the b »no is tin tut n 
i Uio , that " s , 

V N 
_£ . _£ 

V N 

s s 

where N .ind N reptesent the numbet s of turns 
p s 

on the primary and secondary coils t espec t l vel y . 
Assuming 100 per cent efficiency, the output 
power is equal to the input power, 



I V = I V . 

s s p p 



15.12 



a) The current required by the 1 .imp is 

given by TR = P , so for the 6-volt system, 
_ ? o watts , , „ 

I = Z — ™ — T~ so I = 1 amp, and for the 12 -volt 



6 ohms 
system I* = 



WJtts , « I amp* , thus I = S amp. 
24 ohms 



I V 
so, = f . 

" • S V 
Thus, equating both expressions for ^ , 

s 

I N 

I N 

P s 



b) The power loss in the connecting wires 
is given by I /> R w K p w » so f° r tne 6-volt systeir, 

P * (1 amp)' - 1/S ohm, or 1/5 w.itt, and for 
w 

the 12-volt system, P = (\ amp)? * 1/5 ohm, 
w 

or 1/20 watt. Yes, he reasoned correctly] 



15. 15 

The low-vol tage coi 1 needs the tin cker 
wire, "because the cur rent is greater in the 
lov-voltage coil than the high-voltage coil., 



c) For the 6-volt system, the total re- 
sistance would be 6.2 ohms. Thus, the current 

i i i. 6.0 vo lts _ ,,_ . , , 

would be ^ 2 = amp (rounded off to 

two significant figures). The power loss would 
then be (0.97 amp) r , 1/5 ohm, or 0.19 watt 
(to 2 sig. fig.). The power used by the lamp 
would be (0.97 amp)' * 6 ohms = 5.6 watts. 

For the i2-volt system, the total resist- 
ance would be 24.20 ohms. Thus, the current 

ij i_ 12 volts _ , - x 

Would be 24 2 ohm s = amp ^ t0 SI 8 • fig.). 

Therefore, the power loss will then be nearly 
0.05 watt, and the power used by the lamp would 
be nearly 6 watts. The man's reasoning was 
correct; and in addition to the larger power 
loss using the 6-volt system, the power output 
of the lamp in the 6-volt system is less than 
desired . 



15.16 

To produce a current in you, there must be 
a potential difference across you. Contact be- 
tween a "live" power line and the car would 
create <i large voltage between the car (and its 
contents) and the ground, but this would not in 
itself be dangerous. Leaping from the car could 
be safe; but if you were to touch the ground at 
the same time as you were touching the car... 



15.17 

Some of the factors were: the unexpected 
daytime uses for electric power; in motors, 
street railways, elevators, sewing machines, etc., 
and the fact that new industries needing constant 
power were attracted to a site at the falls. 
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15.18 

Student report . 



15.19 

Answers might include doing work for people, 
providing a more healthful, corr.f ortable environ- 
ment and providing for rapid transportation and 
communication. 



15.20 
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Solutions to Chapter 16 Study Guide 

16.1 

Oersted was inspired by a conviction, not 
supported by the existing evidence, that all 
physical phenomena arc different forms of the 
same basic force. 



10.7 

Hertz showed that the waves had about the 
same speed as light and that they could be 
similarly rcllectcd, diffracted, refracted and 
tocussed. 



16.2 

No, a displacement current is only caused 
by a changing electric field. A steady electric 
field will hold + and - charges at <i constant 
displacement but a displacement current requires 
a shifting (a changing displacement) of charge. 



16.3 

An electromagnetic wave is initiate Dy an 
accelerating charge. It propagates itself by the 
mutual induction of electric and magnetic fields. 



16.4 

(a) the height o£ the water surface 

(b) the pressure or density of the air 

(c) the electric field strength and the 

magnetic field strength. 



16.5 

Each of these experiments was subject to 
some uncertainty of measurement. Reporting the 
speeds to five and six significant figures mis- 
represented the accuracy. The speeds might bet- 
ter have been reported as 3.10 * 10 meters/sec 
and 3.15 x 10° meter J/scc , indicating that the 
third figure was in doubt. Maxwell repeated the 
capacitor experiment obtaining a value of 2.88 
x 10 m/sec. 8 (Thc presently accepted value is 
2.997925 * 10 m/scc.) 



16.6 

Hertz could show they were polarized by 
rotating the detcccor ring— the sparks would be 
strongest when the two ends of the ring were in 
the same plane as the gap in the secondary wind 
ing of the induction coil. 




16.8 

(a) Other theories accounted for the same 
observations . 

(b) The concept of the displacement current 
seemed mysterious to many scientists. 

(c) Most scientists were unaccustomed to 
the field concept. 

(d) Prior to Hertz's work, no new property 
of c lectromagnct ism had been discovered using 

a prediction from Maxwell's theory. 



16.9 

(a) Energy must be supplied to a source of 
electromagnetic radiation. 

(b) When the waves arc absorbed, the absorb- 
er is heated. 



16.10 

Solve the equation f X«= c for the wave- 
length \; 

8 

X - -y c 3 x 10 m/scc 
60 cycles/sec 
6 

= 3 x 10 m/cyclc 

= 5 000 km/cycle (approx. 1/8 the caith's 
circumference) 



16.11 

Wavelengths of "short" radio waves range 
from roughly 10 m to 100 m. They arc short 
relative to the commercial AM broadcast band. 



16.12 

Radio waves from sparks etc, would superpose 
with ^.hc broadcast waves to produce changes in 
amplitude at the receiver antenna. FM receivers 
arc designed to respond only to variations in 
the frequency of the radio wave, and not to 
variations in its amplitude. 
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1'>.13 

N<*vsp.ipcxs and magazines print on their own 
papn . Radio and TV st.it.ions ore bt oadcasting 
in a medium common to .ill, where regulation 
,md operation are required to prevent overlap- 
ping and interference. 



16. 14 



The radiation which could escape from the 
surface into space would be FM and TV broadcasts 
and visible light. AM radio wouldn't get through. 
Orbital satellites and radiation from nucleai 
explosions would be additional sources of inform- 
ation. 



16.15 

Ther" are two j easons for the greater 
reception distances of radio waves than of 
waves used for TV and FM broadcasting. First, 
radio waves are trapped between the ionosphere 
and the earth, whereas the waves used for 'IV 
and FM pass through the ionosphere into space. 
Second, the longer wavelength of radio waves 
causes them to diffract more readily around 
obstacles such as mountains. 



16.16 

Kepler's third law (p. 61 of Unit 2) states 
that T « ka J . We can find the constant k that 
applies fi earth satellites by using the period 

Jnd radius a oi orbit ol the moon, the only 
natural satellite of the earth. 

From page 97 of Unit 2, T of moon « 27.3 
days and . = 240,000 miles. For this problem 
the arithmetic is made easier if we call this 
distance 1 unit. Then 

k - J_L - (27.3 davs^ , 

k - o _> 7A3 d^ys7unit J 

a (1 unit) J 

Thus, lor a satellite of period 1 day, 

v . /r 



n = * /- n dav> 2 / : ■ 

V 743 day?/unit3 = V K35 * 10 unit * 
a = 1.16 x 10-1 unit = QAi6 u||it 
or a = 0.116 (240,000 miles) = 27,900 miles 

An alternative solution would be to use 
Eq. (8.8) from page 98 of Unit 2. 



16.17 

TV waves aie reflected well by ffl Ur>e 
inducting object like an airplane, and the 
>f Hoc ted wave interferes with the direct wave 
at the TV antenna. As the distance of the plane 
changes, the phase difference of reflected and 
ihieet wave thanks, so that tin superposed wu\ . 
^plitude „t the antenna K oes through maxima 
«ind minima. 



16.18 



The TV pictuie information is carried by 
amplitude variations (AM) and the TV sound in- 
formation is carried by frequency variations 
y ' * T\w TV sound is therefore much less af- 
fected than the picture ;s by static and parsing 
aircraft. h 



16.19 



The time requued for the radar signal to 
travel from the earth to the moon and back to 
the earth will be the ratio of the total distance 
traveled divided by the speed of the signal, 
the distance to the moon (actually the radius 
of the orbit, but we will neglect the relatively 
small difference between the radius and the 
distances between the surfaces of the earth and 
moon) is given on p. 97 of Unit 2 as 240,000 
miles, and on p. 122 of Unit 2 as 3.84 * 10 5 km. 

Thus, the time = 2 * 3 ' 8A v l ^ km 

5 

3 x 10 kn/sec 

«= 2.56 sec or 2.6 sec to two- 
figure accuracy. 



16.20 

The trees and clouds appear bright in the 
P'loto because they absorb invisible light and 
re-radiate energy of a longer wavelength, 
infrared. Thz sky appears black because infrared 
(due to its relatively long wavelength) is scat- 
tered very little by the earth's atmosphere, also 
because the air is cool it emits very little 
infrared radiation. " 



16.21 



An argument can be made that natural se- 
lection favored organisms whose eyes vvre sensi- 
tive to the light that wa* most p i erKiful . w ich 
vavelengths are most plentiful depeads on the 
sun s output and the transparency of the earth's 
atmosphere. (For the earth both of these factors 
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peak at roughly the same wavelengths;, it I'sn't 
clear whether such a nice match is icessary 
for the development of seeing beings.) 

Religious explanations are of course pos- 
sible, but they are not open to scientific dis 
cussion. 



16*22 

The thermometer will receive ultra-violet 
radiation beyond one end of the visible spectrum, 
and infra-red radiation beyond the opposite end. 



16.23 

An interesting discussion topic. 



16.24 

Maxwell thought that scientific ideas are 
most completely absorbed when studied in the 
form in which they first appeared. This view 
may often be correct, but you will likely be 
able to think of many exceptions. 



16.25 

A principal reason for loss of support of 
the ether concept was that it wasn't used in 
the mathematical description of electromagnetism.. 



16*26 

Discussion; other examples: intertial 
motion, circular orbits, the mobility of the 
earth, the remoteness of the stars, etc* 



16.27 

Discussion. 



16.28 

The body of the cat is analogous to mech- 
anical models of the ether, the grin represents 
the mathematical description of the electro- 
magnetic field. 
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Summary of Demonstrations and Experiments 
Using the Current Balance 

In this series 0 f two demonstrations 
and two experiments students investigate 
the forces that can occur between two 
currents or between a current ani a mag- 
net. In both experiments (E35, £36) 
students work m three different groups, 
each group examining a different aspect 
of the current-current 0 r current-field 
interaction. Each experiment is pre- 
ceded by a demonstration.. 

The equipment note (see page 73) gives 
a full description 0 f the design and 
operation 0 f the instrument. Refer to 
it for any details not given m the notes 
on individual experiments and demonstra- 
tions. 



The sequence of demonstrations and 
experiments is: 

1. Demonstration 49: Currents and Forces 

Demonstration 0 f forces between cur- 
rents as a function of spatial orienta- 
tion*: 

2., Experiment 35: Currents and Forces 

a) Brief qualitative investigation 
of the interaction between a currt.it 
and a magnet. 

b) For the simple case 0 f two parallel 
current-carrying wires, three groups 

of students work independently to 
find 

F « I, F « I, F * 1/d. 

These results are combined to qive 
I I i * 

F = k L 2 
d 

The value 0 f the constant k can be deter- 
mined if time allows. 

3. Demonstration 50: Currents, Maanets 
Forces 

Demonstrates in more detail that 
there is a force between currents and 
magnets and establishes the directions 
of current, magnetic field, and force. 

4. Experiment 36: Currents, Magnets, 
Forces 

Two groups of students find that 

f « i r * i 

which are combined to give 
F = BIH . 

A third group measures a particular B 

the vertical component of the earth's 
magnetic field. 



Sec. 13.1 Introd uchon 

The text suggests two alternative wavs 
o, describing light: the scientific, 
quantitative method, and the artistic, 
emotional approach. Clearly a physics 
textbook must concentrate on the former,, 
but there is nothing wrong with taking 
advantage of the natural fascination of 
the latter to arouse interest in the 
subject. Don't lose the opportunity to 
present demonstrations and discussions 
of color effects with lighting, painting 
and photography. Check tho latest is- 
sues of Scientific American and ohoto- 
graphy magazines f 0 r news of recent 
theories of color perception, etc. 

Optics is a large subject, and only 
a small part 0 f it is covered in this 
course. Roughly speaking, we have 
omitted almost all of geometrical optics , 
on the grounds that both particle and 
wave models for light give equivalent 
predictions so these phenomena cannot 
be used to distinguish between them.. 
Instead, we concentrate on physical 
optics — interference, diffraction,- polar- 
ization — and look for phenomena that can 
be used to test theories of light. If 
you want to spend extra time on lenses 
and mirrors, be sure that there is some 
payoff from the viewpoint 0 f added stu- 
dent interest and motivation, since geo- 
metrical optics is not needed for any- 
thing else in this course. 

Sec. 13.2 Propagation of light 

If there ^.s a camera obscura locally 
available, be sure students have a 
chance to see it. 

In most textbooks you will find the 
statement that Romer was the first per- 
son to determine the. speed 0 f light". 
You will find various values attributed 
to him,, and most of these values are 
different even when converted to thp 
same system 0 f units (the average is 
about 2/3 the present value) . Anyone 
who actually takes the trouble to read 
Romer 's original paper will find that 
all he did was to estimate the time it 
takes light to cross a certain fraction 
of the earth's orbit. He also says that 
light would take less than a second to 
cross the diameter of the earth;, since 
he thought the earth's diameter was 
about 9000 miles (depending on how you 
interpret the units he used) this means 
that the speed of light is greater than 
9000 miles per second. But for seven- 
teenth-century scientists the real sig- 
nificance of Romer 's work was not Lhe 
actual value of the speed 0 f light, but 
the fact that it is finite rather than 
infinite. This is analogous to the case 
of Boyle's work on air pressure: Boyle 
is known as the discoverer of "Boyle's 
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law,/ PV = constant, but in fact he wasn't 
the first to find this relation by ex- 
periment. Instead,, he did something even 
more important: he showed that air pres- 
sure is finite, and is responsible 
(rather than nature's horror of a vacuum), 
for holding up the mercury in a barometer, 
or the water in a suction pump. These 
two examples, Romer and 3oyle, show how 
different (and how much more interesting) 
the history of science can become if we 
try to look at a scientist's work direct- 
ly and in the context of its own times, 
rather than judging it, through the re- 
ports of textbooks, on the basis of how 
it solved problems that we now consider 
significant . 

Although Romer did not apparently have 
data on the diameter of the planetary 
orbits from which he could compute the 
actual speed of light, such data was just 
becoming available at the time he worked., 
In 1672, the French astronomers Jean 
Richer and Jean Dominique Cassini deter- 
mined the earth-Mars distance by tri- 
angulation of Mars. They used a base- 
line with Pans at one end and Cayenne, 
on the northern coast of South America, 
at the other. Siiice , as we saw in 
Unit 2, the relative distances of all 
the Planets from the sun, and relative 
earth-Mars distance at a given time, 
could be found from the heliocentric- 
theory,, all these distances could be 
found as soon as one of them was known. 
The Richer-Cassini observations led to 
and earth-Sun distance of 87 million 
miles.: Huygens, in 1678 , used this 
value together with Romer 's data on the 
time- interval to compute the speed of 
light. Huygens' value, 2 * 10° m/sec , 
was published in his treatise on light 
in 1690, together with an analysis of 
Pomer's observations; later scientists 
seem to have misread this passage and 
thought that Romer himself had gotten 
that value. 

Another way of determining the veloc- 
ity of light from astronomical observa- 
tions was discovered by the British 
astronomer James Bradley in 1728. He 
found that certain stars change their 
positions in the sky during the year 
in a peculiar way. Although he was 
originally trying tc observe the parallax 
of such stars, it turned out that this 
effect could not be attributed to paral- 
lax but was due, instead, to the com- 
ponent of motion of the earth at right 
angles to the line of sight from the 
star to earth. During the finite time 
that it takes for light from the star to 
go from one end of the telescope to the 
other, the telescope itself moves be- 
cause of the motion of the earth,, and 
so the telescope must be ti 1 ted slightly 
to see the star. This effect is known 
as stellar aberration , and its magnitude 
depends on the ratio of the orbital 
speed of the earth to the speed of light, 



as well as on the position of the star 
relative to the plane of the ecliptic. 
Since the orbital speed is known, the 
speed of light can be calculated* The 
value obtained was within a few per cent 
of the present value., 

Bradley's discovery of stellar aber- 
ration was historically important for 
another reason:- it was tj in a sense, the 
first direct astronomical evidence for 
the heliocentric theory! Yet by the 
time it was found, most scientists had 
already accepted the heliocentric theory 
for other reasons (see Unit 2) .> Here is 
an interesting example of the relative 
unimportance of experiments and observa- 
tions, as compared to convincing theories, 
in changing a world view. 

The subsequent history of determina- 
tions of the speed of light is reported 
in such books as J.H. Sanders, The 
Velocity of Light , Pergamon Press. 

In Chapter 16, we note that Hertz's 
experimental determination that elec- 
tromagnetic waves have the same speed 
as light was one piece of evidence for 
the hypothesis that light waves are a 
form of electromagnetic waves.. In 
Chapter 20 we again encounter the speed 
of light as a maximum speed in re- 
lativity theory* 

Sec. 13.3 Reflection and refraction 

In this section we look for properties 
of light that can be used to distinguish 
between wave and particle models. Note 
that we have in mind only one particular 
particle model, the rather special one 
proposed by Newton, which is based on 
assumptions about repulsive and attrac- 
tive forces exerted by the medium on the 
particle . 

At this point,- the discussion of 
angles of reflection of waves from 
Chapter 12 should be reviewed. Note 
that we do not need Snell's law or the 
concept of index of refraction in our 
treatment on a qualitative level. How- 
ever,, if you do plan to treat electro- 
magnetic waves more quantitatively, 
using Maxwell's equations, you could 
introduce the index of refraction here. 
You can then derive Maxwell's relation 
between index of refraction and electric 
and magnetic properties of the medium, 
i = /Ty . This is a neat connection be- 
tween optics and electromagnetism, and 
its experimental verification (by the 
"theoretical" physicist Ludwig Boltzmann) 
was one of the first triumphs of Max- 
well's theory. 

The point to make here, however, is 
not something about the index of refrac- 
tion but rather the fact that both wave 
and particle models give the same rela- 
tion, angle of incidence = angle of re- 
fraction. For the particle model this 
can be (and should be) derived directly 
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from conservation of momentum , assuming 
that the "repulsive power" of the medium 
which the particle enters acts in a di- 
rection normal to the boundary. The 
component of momentum parallel to the 
boundary must therefore be conserved, 
and the component normal to the boundary 
is reversed, just as in an elastic col- 
lision of a gas molecule with the wall 
of its container. (In fact, in kinetic 
theory this is called "specular reflec- 
tion" of the molecule.), 

Be sure to point out why the light 
particle would be expected to speed up 
if it does enter the medium:- the "at- 
tractive power" now takes over and ac- 
celerates it. This is where the peculi- 
arity of Newton's model comes in;- don't 
leave the impression that all particle 
models would make this prediction. We 
don't want to convince students so firm- 
ly of the validity of the wave theory 
that they will feel duped when they get 
to Unit 5: 

Sec. 13. 4 Interference and diffractio n 

The theory of the double-slit inter- 
ference experiment,, presented in Sec. 
12.6,, should be carefully reviewed at 
this point,, so that Young's method for 
calculating the wavelength of light can 
be understood. Point out that because 
of the very small wavelength of visible 
light compared to that of sound, inter- 
ference and diffraction can be observed 
only in special circumstances. This is 
why light ordinarily goes in straight 
lines and casts sharp shadows, whereas 
sound goes around corners. 

The attack on Young by Henry Brougham 
(see margin of page 14) has some histori- 
cal significance. Brougham ,;as a poli- 
tician, essayist and amateur scientist 
who had earlier published papers on 
light which Young had criticized. The 
Edinburgh Review ,, founded at the begin- 
ning of the nineteenth century, pub- 
lished articles on literature, religion, 
politics and science for a non-specialist 
b>:t intellectual audience (perhaps the 
equivalent of today's New York Review 
of Books ) . its authors, writing anony- 
mously, often expressed their opinions 
mtemoerately . Brougham was a frequent 
contributor on scientific subjects;; his 
review of Young' f papers, quoted here, 
seems to hav<* persuaded most British 
scientists to ignore the wave theory of 
light for about 20 years. This was 
partly because of the still-strong re- 
spect for anything Newton had said (or 
was thought to have said) ; partly be- 
cause British science in the early nine- 
teenth century was mostly empirical and 
anti-theoretical in nature. (Another 
example of this is the Royal Society's 
rejection of Herapath's kinetic theory 
in 1821: see Unit 3, p. 82.) Whittaker 
[History of the theories of Aether & 
Electricity, Vol. I, p. 102] has the 
following note on Brougham's character: 



'Strange fellow/ wrote Macau lay, when 
half a century afterwards he found 
himself sitting besides Brougham in 
the House of Lords, 'his rowers gone: 
his spite immortal.' 

Further details of the Fresnel-Poisson 
story are contained in an interesting 
article by Epstein (see bibliography) . 
The statement in the text that "Poisson 
announced gleefully to Tresnel that he 
had refuted the wave theory" is not sup- 
ported directly by historical evidence, 
but it is a plausible reconstruction 
based on Poisson' s known opposition to 
the wave theory dnd his persistent at- 
tempts to disprove it by any method pos- 
sible. 

Colors of thin films 

In discussing Young you may wish to 
bring in his explanation of the colors of 
thin films. The following is quoted from 
Holton & Roller, Foundations of Modern 
Physical Science , p . 5 55 :- 

Young showed that interference of light 
waves can account for the color pat- 
terns observed by Newton when white 
light incident on a thin film is re- 
flected to the eye. Examples familiar 
to everyone are the colors of soap 
bubbles and of films of oil on a water 
surface, which are explained as fol- 
lows. The thin film reflects some 
light from the front surface and some 
light from the back surface, and these 
two beams arrive together at the retina. 
Now suppose that the difference of 
distance traveled from the two sur- 
faces to the eye is effectively half 
a wavelength of red light, or, using 
modern values, about ^ * (7 * 10~ b ) cm;] 
then the red component of light will 
not be seen because the "crests" of 
the wave coming from one surface are 
canceled by the "troughs" of the wave 
coming from the other, and vice versa.. 

On the other hand, the difference of 
*5 x (7 x io 5 )cm corresponds to a full 
wavelength of blue light, and there- 
fore the blue component of the reflec- 
ted white light from the same region 
where red light has destructive inter- 
ference will appear to be fully rein- 
forced. For different film thick- 
nesses, different components of light 
have destructive and constructive 
interferences, and so different hues 
can be observed to predominate over 
the whole surface. 

Sec. 13.5 Color 

As was mentioned above, the subject of 
color can be used to link physics with 
other interests of students. Within the 
structure of this course, the main pur- 
pose of talking about color is to intro- 
duce the concept of light waves of dif- 
ferent wavelengths. 
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The influence of rcevton's theor-' of 
color on eighteenth-century poetry is 
discussed, with many more examples, in 
ico 1 son's book,, Newton Demands the Muse . 

Goethe's attack on Newton's theory 
of light is another aspect of the anti- 
mechanistic Romantic movement which we 
have already mentioned in Sec. 10.9. 
Further discussion of Goethe's theory, 
and its relation to physics, may be 
found in the article by heisenberg and 
the book by Magnus listed in the biblio- 
graphy . 

Sec. 13.6 Why is the sky blue ? 

o 

_A nev unit of length — the Angstrom, 
10" 10 meters — is introduced in this sec- 
tion. As you know, it is a unit appro- 
priate to atomic dimensions. 

The purpose of this section is to il- 
lustrate how physics can answer a ques- 
tion people ask about the world. All one 
really needs to expTain the wavelength- 
dependence of scattering is a general 
orinciple which we mentioned previously 
in connection with the difference between 
propagation of light and of sound; the 
wave doesn't interact much with solid 
obiects unless they are roughly the same 
size as its wavelength. 

Sec.; 13.7 Polarization 

The purpose of this section is to 
introduce the idea that light can be 
polarized, a fact which is explicable if 
light waves are transverse rather than 
longitudinal — hence (as pointed out in 
the next section) tKe need for the ether 
to ke solid . Otherwise, polarization as 
such has little relevance to the unit; 
the paragraphs on Polaroid serve only to 
make a connection with the stuoents' 
common experience ✓ 

Review Sec. 12.2 and try to make i_ 
ola^isible that only solids can transmit 
transverse waves. But be careful that 
students realize that figures like Fig. 
12.4 are misleading when applied to the 
transmission of polarized light. Instead 
of having "slots" which permit waves 
polarized along the slot to pass through, 
substances like Polaroid contain long 
molecules which absorb waves polarized 
in the direction along the molecule. In 
this case, only waves polarized at right 
anoles to the orientation of the mole- 
cules will get through. Thus the usual 
"picket-fence" analogy for transmission 
of polarized waves is just 90° wrong! 

Sec. 13.8 The ether 

The nineteenth century belief in the 
elastic ether — apparently required as a 
medium which could propagate transverse 
waves — looks to us more like a suspension 
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of disbelief. But perhaos it's no less 
plausible than the theories we now ac- 
cent. One explanation offered was that 
a substance could act like a fluid for 
slow deformations, but like a solid for 
rapid motions such as light. In fact, 
there are many substances which do act 
this way. The "silly nutty" compound 
sold in toy stores is an examoleV it can 
flow, bounce,, or shatter, depending on 
the magnitude of the applied stress. 

Students should leave this chaDter 
with the lmnression that the wave model 
exnlains the properties of light rather 
well, yet something may go wrong if one 
tries to think of the waves as motions 
of a real rhysical medium such as the 
water waves studied in Chapter 12. The 
question should be raised, but remain 
onen:' hov; can there be waves without 
having something to wave? 

See. 14.1 Introduction 

It :s essential to recognize the pe- 
culiar nature of the treatment of elec- 
tricity and magnetism in this course 
before attempting to teach this chapter. 
Though it is a long chapter, it covers 
many topics that occupy several chapters 
in traditional texts. In fact, E & M 
is one of the subjects that is under- 
emphasized by Project Physics. We have 
tried to cut the material down to the 
bare minimum that is needed in order to 
understand electromagnetic wave theory 
and some of the later experiments in 
atomic physics. (The same technical 
background also can be used in explain- 
ing motrors, generators, etc. in Chapter 
15.) Among the subjects not covered in 
this chapter are: the interactions of 
magnetic poles with each other;, mathe- 
matical form of the electrostatic po- 
tential of a point charge; properties of 
various kinds of circuits. We suggest 
that you do not try adaing these topics 
the first time through — see how long it 
takes to get through the core of the 
Project Physics course before expanding 
it. 

Sec. 14.2 The curious properties of iodestone and ambe r: 
Gilbert's De Magnete 

This section can be treated as a 
reading assignment, providing the his- 
torical background for the transition 
from magic to science in E & M. Some 
students may be interested in reading 
more of Gilbert's book — it's available 
in a Dover paperback and should be in 
your library. 

Sec. 14.3 Electric charges ond electric forces 

We assume that students have already 
learned the basic facts of electrostatics 
ir. earlier grades, or else that you will 
demonstrate them in the laboratory. The 
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section is not sunnosed to teach the sub- 
ject to beginners, but only serve as a 
revjew and reference. The only thing 
th^- should be really new here (aside 
fro.t the terminology for electric units) 
is the idea of a mathematical analogy 
between different physical Dhenomena, as 
illustrated by the fact that both elec- 
tric and gravitational forces cancel out 
on an object inside a hollow sphere. 
This is an important way in which mathe- 
matics helps to unravel the comolexities 
of nature; we come to it again In ChaD- 
ter 16, with Maxwell's tneory of electro- 
magnetism (analogy between fluid flow 
and lines of force) . 

Note that electrostatic induction is 
treated here only because it will be 
needed to understand Maxwell's "displace- 
ment current" in Chaster 16. 

Sec. i4.4 Forces ond fields 

Tho field concept is deceptively 
simnle at first sight, and conceDtual 
difficulties frequently come later. The 
reason for introducing the idea at such 
an elementary level is that we want to 
proceed rapidly to the rather abstract 
notion of a moving pattern of electric 
and magnetic fields in space , without 
reference to any sources . It's hard to 
believe, even today, that "empty" space 
can contain forces and energies discon- 
nected from any kind of "matter." 

Watch out for the "self-interaction" 
problem, which some students may stumble 
on: if a field produced by a point charge 
is an independent entity existing in 
space, exerting force on any charge, 
does that mean it also exerts a force on 
the charge that produced it? 

Another trap: what about Newton's 
third law? How can a charge react back 
on the field that exerted a force on it? 
Such paradoxes result from accenting too 
quickly and uncritically the field con- 
ceDt. 

Sec. 14.5 The smallest charge 

We depart from historical sequence 
(the Millikan experiment will be covered 
more fully in Unit 5) in order to show 
how one can actually use an electric 
field in an important application. You 
should be prepared to explain how a uni- 
form field can actually be produced (two 
parallel plates), but there is no need 
to spend much time on this point. The 
significant thing to mention here is that 
already with these elementary ideas 
about electric charges and forces we 
can start thinking about exploring the 
atomic world, although we will need more 
information from other areas of physics 
(and chemistry) to interpret the results. 



Sec. 14.6 Eorly reseorch with electric chorqes 

Treat mainly as a reading assignment, 
but noint out the connection with the law 
of conservation of charge. 

Franklin believed that the two types 
of charges were not really different. He 
concludod that a positively charged body 
had an excess of electrical fire and a 
negatively charged body had a deficit of 
it. This implies that electric charge is 
not created or destroyed. The modern 
conservation of charge principle contains 
some cf Franklin's basic ideas. 

Sec. 14.7 Electric currents 

Volta's discovery opened a new era in 
science and technology by making electric 
currents readily available. The impact 
on nhysics can be seen in the remaining 
sections of this chaDter, and the im- 
oact on technology m Chanter 15. Note 
also the use of currents to discover new 
chemical elements (especially by Humphry 
Davy in England) . As was mentioned in 
Chapter 10, the discovery of interconnec- 
tions of various kinds of natural forces 
(starting with Volta) in the first part 
of the nineteenth century was one of the 
historical factors leading to the for- 
mulation of the general law of conserva- 
tion of energy. 

Sec. 14.8 Electric potentipl differe nce 

The concept of electric DOtential dif- 
ference is part of the essential core of 
this course, and should be carefully dis- 
cussed. It serves to make the connection 
between electric currents and the energy 
concept (Unit 3), and will be used later 
in discussing electric power transmission 
and acceleration of particles. 

Sec - Electricol potentiol difference ond current 

The following may serve as a roughly 
correct explanation of Ohm's law: if 
opoosite charges are produced on the ends 
of a piece of conducting material, an 
electric field is set up in the material 
and a DOtential difference appears across 
the piece. Loose charges in* the material 
will drift in response to the field, in 
such a direction as to neutralize the 
unbalanced charge — that is, to cancel 
out the force field and the potential 
difference. Left alone, the material 
would reach a steady state of zero field 
and uniform potential throughout. But 
if a potential difference across the 
material is continually maintained, say 
by connecting a battery to the ends of 
the material, then the drift of loose 
charges will continue. The charges will 
accelerate in the field during the time 
between collisions with molecules of the 
material. I f we assume that after each 
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such collision the charge is scattered 
in a random direction, then the average 
connonent of velocity which it will ac- 
quire in the direction of the field will 
be the nroduct of its acceleration and 
the average time during which it is ac- 
celerated: 

F 

V drift " at av " m fc av 

As long as the force acting on the 
charge — that is, the potential differ- 
ence V — is small enough so that the 
drift velocity is small compared to the 
average thermal speed of the charge, 
we can assume that the average time be- 
tween collisions is roughly independent 
of V. Then the current (rate of flow of 
charges past a given point) will be pro- 

nortional to v, c± _ and hence propor- 
drift 

tional to F, or to V : 

I « V a V 

dxi f t 
which is Ohm's law. 

Sec. 14.10 Electric potential difference and power 

No background and develonment for 
this section. 

Sec. 14.11 Currents act on magnets 

Here is Oersted's own account of the 
history of his discovery, written in the 
third nerson as part of an article on 
"Thermoelectricity' for Brewster's 
Edinburgh Encyclopedia (1830), Vol.. 18, 
d. 573-589 (in the American edition of 
1832, this article is in volume 17 on 
pages 715-732) : 

Electromagnetism itself was discovered 
in the year 1820, by Professor Hans 
Christian Oersted , of the university 
of Copenhagen. Throughout his liter- 
ary career, he adhered to the opin- 
ion, that the magnetical effects are 
nroduced by the same powers as the 
electrical. He was not so much led 
to this, by the reasons commonly al- 
leged for this opinion, as by the 
philosophical principle, that all 
phenomena are produced by the same 
original power. In a treatise upon 
the chemical law of nature, published 
in Germany in 1812, under the title 
Ansichten der chemischen Naturgese tze , 
and translated into French, under the 
title of Recherches sur l'identite 
des forces electrigues et chymiques , 
1813, he endeavoured to establish a 
general chemical theory, in harmony 
with this principle. In this work, 
he nroved that not only chemical af- 
finities, but also heat and light are 
produced by the same two powers, which 
probably might be only two different 



forms of one primordial power. He 
stated also, that the magnetical ef- 
fects were produced by the same 
powers* but he was well aware, that 
nothing in the whole work was less 
satisfactory, than the reasons he 
alleged for this. His researches 
unon this subject were still fruit- 
less, until the year 1820. In the 
winter of 1819-20, he delivered a 
course of lectures upon electricity,, 
galvanism, and magnetism, before an 
audience that had been previously 
acquainted with the principles of 
natural Philosophy. In composing 
the lecture, in which he was to 
treat of the analogy between magnet- 
ism and electricity, he conjectured,, 
that if it were possible to produce 
any magnetical effect by electricity,, 
this could not be in the direction 
o f the current, since this had been 
so often tried in vain, but that it 
must be produced by a lateral action. 
This was strictly connected with his 
other ideas; for he did not consider 
the transmission of electricity 
through a conductor as an uniform 
stream, but as a succession of in- 
terruptions and re-establishments 
of equilibrium, in such a manner 
that the electrical powers in the 
current were not in quiet equilib- 
rium, but in a state of continual 
conflict. As the luminous and 
heating effect of the electrical 
current goes out in all directions 
from a conductor,, which transmits 
a great quantity of electricity* 
so he thought it possible that the 
magnetical effect could likewise 
eradiate. The observations above 
recorded, of magnetical effects 
produced by lightning, in steel- 
needles not immediately struck, 
confirmed him in his opinion. He 
was nevertheless far from expecting 
a great magnetical effect of the 
galvanical pile* and still he sup- 
posed that a power, sufficient to 
make the conducting wire glowing, 
might be required. The plan of 
the first experiment was, to make 
the current of a little galvanic 
trough apparatus, commonly used 
in his lectures, pass through a 
very thin platina wire, which was 
placed over a compass covered with 
glass. The preparations for the 
experiments were made, but some 
accident having hindered him from 
trying it before the lecture, he 
intended to defer it to another 
opportunity; yet during the lecture, 
the probability of its success ap- 
peared stronger, so that he made 
the first experiment in the pres- 
ence of the audience. The magnet- 
ical needle, though included in 
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a box, was disturbed; but as the ef- 
fect was very feeble, and must, before 
its law was discovered, seem very ir- 
regular, the experiment made no strong 
impression on the audience. It may 
annear strange, that the discoverer 
made no further exnennents upon the 
subject during three months; he him- 
self finds it difficult enough to 
conceive it: but the extreme feeble- 
ness and seeming confusion of the 
nhenomena in the first experiment, 
the remembrance of the numerous 
errors committed upon this subject 
by earlier philosophers, and par- 
ticularly by his friend Ritter , the 
claim such a matter has to be treated 
with earnest attention, may have de- 
termined him to delay his researches 
to a more convenient time. In the 
month of July 1820, he again resumed 
the exneriment, making use of a much 
more considerable galvanical appa- 
ratus. The success was now evident, 
yet the effects were still feeble 
in the first repetitions of the ex- 
oeriment, because he employed only 
very thin wires, suoposing that the 
magnetical effect would not take 
olace, when heat and light were not 
oroduced by the galvanical current; 
but he soon found that conductors 
of a greater diameter give much more 
effect; and he then discovered, by 
continued experiments during a few 
days, the fundamental law of electro- 
magnetism, viz. that the magnetical 
effect of the electrical current has 
a circular motion round it 

Sec. 14. 12 Currents act on currents 
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ave intentionally avoided stating 
at the law of force between cur- 
s — when it is attractive, when 
ve, and how it depends on dis- 
■so that students can "discover M 
themselves in the lab. There is 
of continuity thereby as far as 
t is concerned, s.'.nce we never 
e details of this force law later 



The numerical factor of 2 x lo~ 7 i n 
the definition of the ampere may cause 
some puzzlement. Although it is pos- 
sible to cook up a pseudo-rational jus- 
tification for it, it is probably better 
to state flatly that it is arbitrary, 
having merely the purpose of giving a 
convenient-sized unit for currents. 
(But of course the derived unit for 
charge, the coulomb, is not at all con- 
venient. ) 

Sec. 14J3 Magnetic fields and moving charges 

This topic deserves careful detailed 
discussion. You should familiarize your- 



self with the general expression for the 
"Lorentz force" with fields and veloci- 
ties at arbitrary angles , but for the 
purposes of this course the special case 
of right angles should be sufficient. 
Also,, look ahead to the applications "of 
this force law in Chanters 15 (electro- 
magnetic induction) and 16 (E and B 
vectors at right angles in electromag- 
netic waves) . Chapters 18 (Thomson q/m 
exneriment) and 22 (isotope separation) . 

Chanter 15 — Background and development 
is provided for Sections 15.1 and* 15.3 
on ly . 

Sec » I 5 -! The problem: getting energy from one p uce 
to another 

This chapter is intended as a change 
of nace: very little physics is intro- 
duced, but the applications of physics 
to technology and hence to social prob- 
lems are stressed. Class time should 
be soent mainly on (1) explaining the 
principle of electromagnetic induction 
and the operation of simple generators 
and motors; (2) discussion of social 
impact of electric technology. The last 
section, on electricity and society, 
should stimulate some debate on the 
general subject of the value of tech- 
nology. Students should be encouraged 
to amplify or criticize both the op- 
timistic and pessimistic views presented 
in the text. 

For additional background informa- 
tion we recommend the biography of 
Faraday by Williams, and the book Making 
of the Electrical Age by Sharlin (see 
bibliography for details and other books). 

Sec - I 5 - 3 Faraday's early work on electricity and lines 
of force 

Physics textbooks often state or 
imply that Ampere discovered the cor- 
rect law of force between current 
elements. Actually, the law which is 
now accepted and attributed to Ampere 
is somewhat different from the one 
Ampere himself proposed, although i t is 
equivalent when one integrates over the 
entire current. The difference is sig- 
nificant in the historical perspective 
of this section: Ampere himself ' thought 
that the force must act along the line 
between the current elements. For a 
detailed discussion of this point, see 
R.A.R. Tricker, Early Electrodynamics , 
Pergamon Press; this book includes 
selections from Ampere's own papers. 
(A much shorter mathematical discus- 
sion may be found in Whittaker's 
History of the Theories of Aether & 
Electricity , vol. l, p. 85-88: nni-P 
especially Heaviside's remarks quoted 
on p. 88. ) 
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Sec. 16.1 Introducti on 

The main idea to emphasize in this 
introductory section is Faraday's sugges- 
tion that light might be a travelling 
disturbance in magnetic and electric lines 
of force. Maxwell's development and 
mathematical refinement of Faraday's 
idea is described in the next section. 

Sec. 16.2 Maxwell's formulation of the principles of 
electromagnetism 

The idea of a displacement current in 
an insulator is introduced to make plau- 
sible Maxwell 1 s contention that a chang- 
ing electric field has a changing magnetic 
field associated with it, regardless of 
whether the changing electric field is 
in a conductor, insulator or even in free 
space. The concept of the displacement 
current serves as a crutch? little time 
should be spent on it. 

The fact that Maxwell's me chanical 
model suggested effects that hadn't been 
yet observed is important. However, 
the details of how the model "worked'' 
are of little significance. (In fact, 
much difficulty was encountered by the 
writers in attempting to visualize its 
operation — some of the arrows appear to 
be in the wrong direction.) 

The two important principles encom- 
passed by Maxwell's theory — the produc- 
tion of a magnetic field by a changing 
electric field, and the production of an 
electric field by a changing magnetic 
field — will likely be much clearer in the 
minds of your students if you spend 5-10 
minutes of class time discussing the 
illustrative diagrams bordering pp. 110, 
111. 

Sec. 16.3 The propagation of electromagnetic waves 

The description given of how electro- 
magnetic waves propagate through space 
— by the reciprocal induction of electric 
and magnetic fields — is handicapped by 
the limitations inherent in the English 
language. It is extremely difficult to 
phrase a description thac successfully 
avoids leaving the impression that there 
is a time difference in each induction. 
For example, when we say that a changing 
electric field "produces" a magnetic 
field, we wrongly suggest that one pre- 
cedes the other, when in fact they exist 
simultaneously. (Draw the attention of 
the students to the relevant marginal 
note on p . 112 . ) 

The remarkable similarity between 
the speed of electromagnetic waves as 
calculated by Maxwell and the known 
value of the speed of light should be 
emphasized. The similarity could have 
been a coincidence, but Maxwell believed 
otherwise. His subsequent mathematical 
efforts resulted in an elegant and com- 



prehensive theory oi cicctroiagncti^n, 
but a theory which remained tc be prown. 

Sec. r >C 4 Hertz's experin> e^fs 

The experiments of Hertz provioo a 
classic example of the testing of the 
predictions made on the basis of a theory. 
Hertz showed that electromagnetic waves 
of many frequencies could exist, had 
properties similar to those of light and 
had the sa„ie speed as liqht. 

To fully understand Hertz's experiments', 
students would need to know much more about 
resonance — unfortunately it has not been 
possible to allocate space to that dis- 
cussion in the text — if you have the time 
and a suitable class it would be time 
well spent. See E38. 

The Project Physics micro-wave equip- 
ment is an invaluable tool in developing 
student appreciation of the "light- like" 
behavior of electromagnetic waves. 

Sec. 16.5 The electromagnetic spectrum 

It is worth emphasizing that whereas 
the electromagnetic spectrum covers a 
range of 10" J in frequency (or wavelength) , 
all electromagnetic radiation originates 
from acce le rated e lectri c charges . Be 
careful to avoid making the general state- 
ment that all frequencies of electromag- 
netic radiation have the same speed, 
unless you add — in space. The fact that 
the speed of radiation in a dispersive 
medium depends on frequency is of course 
the reason we can use prisms to obtain 
the spectrum of white light, why rain- 
bows are formed, etc., etc. All media 
except a vacuum are dispersive to elec- 
tromagnetic radiation. (Such is not 
the case for sound waves.) 

Sec. 16.6 Maxwell: intellectual characteristics and 
attitudes 

A number of interesting discussion 
topics arise in this section. SG 16.24 
focuses on one such topic — the value of 
studying original works of science. Is 
Maxwell correct in his belief that 
"science" can best be learned when in its 
original state? Is there value in his 
recommendation to study not only those 
procedures that succeeded, but also those 
that failed? Your students may by this 
time have seen sufficient original works 
quoted and discussed to have quite strong 
opinions on the first of these questions. 

Some might argue that Maxwell is incor- 
rect, that it is better to learn from the 
interpretation of the original work by 
someone who specializes in teaching and 
communication . Others might claim that 
the excitement of studying original papers 
more than compensates for any awkwardness 
of expression that might exist in the 
original work. 
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The second question raised above is a 
fundamental one. Those who advocate study 
of only the successes of science might be 
asked how in that situation a person 
would gain any appreciation of the limi- 
tations of scientific inquiry, or of how 
scientific progress comes about. In many 
cases, the "failure" of an experiment 
leads to important breakthroughs in 
thinking. (e.g., — The failure of Kepler 
in attempting to describe the motion of 
the planets in terms of circular orbits 
resulted in his discovery of the ellip- 
tical shape of the orbits.) 

Sec. 16. 7 What about the ether ? 

As indicated in Section 13.8 and in the 
text itself, the ether concept returned to 
nineteenth century physics as a metaphysical 
necessity for a mechanical interpretation 
of the wave theory of light and electro- 
maqnetism. it is well known that Einstein's 
1005 work on special relativity disregarded 
the ether as superfluous and that his cri- 
tique of simultaneity was based on the 
centrality of electrodynamic rather than 
mechanical interpretations of electro- 
magnetic theory. However, many myths have 
grown around the origins of relativitv 
theory, not least of which is its supposed 
dependence upon the Michelson-Morley ether- 
drift experiment of 1887. And so we end 
tins unit with a question m the title 
that can be picked up again in Sees. 18.5 
and 20.1 through 20.3. 

The fact that the luminiferous ether 
as the electiomagnetic ether died hard in 
the controversies over relativity theory 
early xn this century can prove embarrass- 
ing to a teacher whose students might dis- 
cover respectable physicists writing about 
the ether of space long after 1905. in 
spite of the null results of Michelson- 
Morley and other similar experiments (e.g., 
Rayleigh-Brace, Trouton-Noble) , the gen- 
eration of physicists who reached maturitv 
before 1900 were generally extremely re- " 
luctant to give up all forms of belief in 
an ether. Einstein himself, after 1920, 
as well as Michelson, Lorentz, Poincare, 
Sir Oliver Lodge, J. j. Thomson, D. C. 
Miller and others, seem to have harbored 
some hope that the vacuum of space might 
somehow someday be filled once again. 
But tho new generation of mathematically 
proficient professional physicists con- 
stituted a majority in favor of fields 
and particles who likewise felt no need 
for the ether hypothesis. 



In view of recent research in the 
influence of the Michclson ether-drift 
experiment on Linstein's special relrtivit 
it is probably best to consider the latter 
as more of an intuitive lea^ than an ex- 
perimental ly-based conclusion — another 
example of theory at the vanguard with 
experimental tests continuing a "moo-un" 
operation. In the case of the Michclson 
experiment, only during the decade of tho 
twenties was it definitively repeated, and 
by then the wave-particle duality and bohr 
complementarity principle, among other 
developments, had completely changed the 
presumptions of physics. Students should 
be encouraged to discover these disjunc- 
tions in scientific advance for themselves 
and those who are especially curious about 
space-time should be introduced to the 
Project Physics supplementary chapter, 
Time and Space According to the Special 
Theory of Pelativity. other references 
to relativity theory may be found there 
and with Sec. 20 . 1 . 
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Transparencies 

T30 The Speed of Liqht 

Visualizations of the Roemer and 
Michelson methods for determining 
the speed of light are presented. 

T31 2 Field Inside Conducting Sphere 

A geometric and electrostatic arqu- 
ment shows in a step-by-step fashion 
that the electric field strength 
inside a hollow metallic charge- 
carrying sphere is zero. 

T32 Magnetic Fields and Moving Charges 

A multiple transparency illustrating 
forces on moving charged particles 
in maqnetic and electric field, 
forces on current carriers, forces 
on moving conductors, and the prin- 
ciples of the ac and dc generators. 

T33 Forces Between Current Carriers 

Explanations for attractive and re- 
pulsive forces between parallel cur- 
rent carriers are given in terms of 
moving charged particles in magnetic 
fields. 

T34 The Electromagnetic Spectrum 

A double-transparency showing the 
electromagnet spectrum with a full- 
color insert of the visible spectrum, 
and a number of emission and absorp- 
tion spectra of the elements. 

Film Loops 

Standing Electromagnetic Waves 

A 435 megacycle/sec transmitter feeds an 
antenna at one end of a metallic trough. 
When a metallic reflector is positioned 
at the other end, a standing wave is 
formed. Many small lamp bulbs at the 
centers of tuned dipole make the pattern 
visible. Polarization is shown . Finally , 
the standing waves in this and the pre- 
ceding two loops are displayed simultane- 
ously to emphasize the existence of nodes 
as a fundamental property of any standing 
wave . 

Films (16 mm) 

F30 Speed of Light 

William Siebert, MIT, MLA, 21 min- 
utes, $120.00. 

Outdoors at night Dr. Siebert mea- 
sures the speed of light in air over 
a 300-meter course using a spark- 
gap, parabolic mirrors, a photocell 
and an oscilloscope. In the labora- 
tory he compares the speed of light 
in air and in water using a high 
speed rotating mirror. 
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Aid Summary 
Transparencies 
Loops 
Films 



E.P. Little, PSSC, MLA, 23 minutes, 
$180.00 (color) . 

Deals with approximation that liqht 
travels in a straight line; shows 
the four ways in which light can 
be bent — diffraction, scattering, 
refraction and reflection;, refrac- 
tion illustrated by underwater 
photography to show how objects 
above water appear to a submerged 
skin diver. 

F32 Coulomb's Law 

Eric Rogers, Princeton, MLA, 30 
minutes, $150. 00. 

Demonstrates the inverse-square 
vanation of electric force with 
distance, and also the fact that 
electric force is directly propor- 
tional to charge. Introduces the 
demonstration with a thorough dis- 
cussion of the inverse-square idea. 
Also tests inverse-square law by 
looking for electrical effects 
inside a charged hollow sphere. 

F33 Electrons in a Uniform Magnetic 
Field 

Dorothy Montgomery, Hollins College, 
MLA, 11 minutes, $60.00. 

A spherical cathode-ray tube with 
a low gas atmosphere (Leybold) is 
used to measure the curvature of 
the path of electrons in a magnetic 
field and, with reference to the 
Millikan Experiment, the mass of 
the electron is determined. The 
math involved is worked out with 
the experiment. 

F34 Electromagnetic Waves 

George Wolga, MIT, MLA, 33 minutes, 
$150.00. 

Shows why we believe in the unity 
of the electromagnetic radiation 
spectrum. Experiment shows that 
the radiation arises from accelera- 
ted charges and consists of trans- 
verse waves that can be polarized. 
Interference (Young's double-slit 
experiment) is shown in four dif- 
ferent rccuons of electromagnetic 
spectrum; X ray, visible light, 
microwave and radiowave. 



MLA — Modern Learning Aids . 
Teacher Guide, page 73. 



See Unit 2 
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Reader Articles 

1. LETTER FROM THOMAS JEFFERSON, JU\E 
1799 

Thomas Jefferson 
1799 

A great American writes about the 
significant role of science in the 
education of the individual and an 
the creation of American society. 

2. ON THE METHOD OF THEORETICAL PHYSICS 
Albert Einstein 

1934 

Einstein discusses the factors that 
lead to a scientific theory. 

3. EXPERIMENTS AND CALCULATIONS RELATIVE 
TO PHYSICAL OPTICS 

Thomas Young 
1855 

When Thomas Young performed his fam- 
ous interference experiments, Huygen * s 
wave theory of light had been aban- 
doned in favor of the corpuscular 
theory of light. But Young's exoen- 
ments pointed strongly to the wave 
theory . 

4. VELOCITY OF LIGHT 
A. A. Michelson 
1927 

The velocity of light is a significant 
constant in modern physics. A. A. 
Michelson, also known for the Michelson- 
Morley experiment, traces the studies, 
experiments, theories and conclusions 
relating to the velocity of light. 

5. POPULAR APPLICATIONS OF POLARIZED LIGHT 
William A. Shurcliff and Stanley S. 
Ballard 

1964 

Bees navigate by polarized skylight 
and water fleas and horseshoe crabs 
by light polarized through water. 
Sunglasses, camera filters, and the 
not-yet successful glare-free auto 
headlights operate by absorbing polar- 
ized light. 

6. ACTION AT A DISTANCE 
James Clerk Maxwell 

Maxwell explains the apparently baf- 
fling behavior of one body acting on 
another without any apparent connec- 
tion. 

7. THE ELECTRONIC REVOLUTION 
Arthur C. Clarke 

1962 

Clarke writes here a brief informal 
review of the electronic age, past 
and present. 



8. THE INVENTION OF THE ELECTRIC LIGHT 
Mat uhew Josephson 

1959 

It is generally assumed that Thomas 
Edison's incandescent lamp was the 
product of inspired tinkering. But 
it was but one element in a more far- 
reaching invention: an entire system 
of electric lighting. 

9. HIGH FIDELITY 
Edgar Villchur 
1966 

Hi-fi is a much misused term. This 
selection discusses both the human 
a:.d electronic factors involved in 
accurate reproduction of sound. 

10. THE FUTURE OF DIRECT CURRENT POWER 
TRANSMISSION 

N.L. Allen 
1967 

Allen compares the use of alternating 
and direct current for lonq-distance 
porer transmission^ 

11. JAMES CLERK MAXWELL Part II 
James R, Newman 

1955 

Reader 3 contained the first part of 
Newman's biography of this outstand- 
ing mathematician and physicist. This 
final part is devoted primarily to 
electromagnetic theory. 

12. COLLECTION OF MAXWELL'S LETTERS 

13. ON THE INDUCTION OF ELECTRIC CURRENTS 
James Clerk Maxwell 

1881 

Oersted established a connection be- 
tween electric currents and magnetism; 
Faraday found the connection between 
magnetic fields and induced electric 
currents. But it was Maxwell who 
synthesized and extended the two re- 
sults.. 

14. THE RELATIONSHIP OF ELECTRICITY AND 
MAGNETISM 

D.K.C. MacDonald 
1964 

The magnetic properties of certain 
materials and the electric effects 
produced, for example, from rubbing 
glass with cat fur, were known in 
ancient days. Oersted's experiment 
with electric current and a compass 
showed that electricity and magnetism 
were related. Maxwell combined the 
two phenomena in his electromagnetic 
equations. 
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15. THE ELECTROMAGNETIC FIELD 

Albert Einstein and Leopold Infeld 
1961 

The formulation of Maxwell's eoua- 
tions opened the new area of science 
called electromaqneticism and its 
far-reaching consequences. 

1G. RADIATION BELTS AROUND THE EARTH 
James Van Allen 
1959 

Instruments borne aloft by artifi- 
cial satellites and lunar probes 
indicate t..-*- our planet is encircled 
by two zones of high energy parti- 
cles, against which space * ravel ers 
will have to be shielded. 

17. A MIRROR FOR THE BRAIN 
W. Grey Walter 

1963 

The brain has lonq puzzled men. 
W. Grey Walter discusses here elec- 
trophysiology , the relation between 
electricity and nervous stimulation. 

18. SCIENTIFIC IMAGINATION 

Richard P. Feynman, Robert B. Leiqhton, 

Matthew Sands 

19*3 

Science demands a keen imagination . 
Physics is full of concepts that we 
cannot picture in our minds. There- 
fore the authors recommend taking a 
"mathematical view." 
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D47 Some Electrostatic Demonstrations 

There is a great wealth of good demon- 
strations in electrostatics. We have 
tried to make a selection on the basis 
of what is most important, what can be 
understood, what is likely to be remem- 
bered, what relates to other topics in 
the course. Since the equipment for 
giving demonstrations varies so greatly 
and most of it is well known, we have 
described a minimum number of specific 
techniques.. We prefer to encourage 
the teacher's enthusiasm for his own 
favorite demonstrations rather than to 
prescribe a set of procedures. 

The Basic Argume nt 

When different materials are brought 
into close contact and then separated, 
each is likely to show a change in be- 
havior — they may attract or repel other 
bits of matter.* These changes in be- 
havior are called "electrical effects," 
and a body showing these effects is said 
to have an "electrical charge." it is 
important to note that unaided human 
senses do not respond to the presence of 



charges.. This means that we can detect 
the presence of charges on an object 
only by observing the effects which they 
produce on another object. 

Demonstrations 

There are many ways to produce charges 
and to show the kind of behavior that is 
called "electrical effect," such as at- 
tracting bits of paper.. One specific 
technique will be useful in a later dem- 
onstration, so it should be tried here. 

Stick a strip (6 to 12 inches) of 
plastic tape (such as plastic electric 
tape or Scotch brand "magic transparent") 
to a strip of vinyl; call this unit A. 
Prepare a second similar unit;; call it B. 
If the process of preparing the units 
charges them, they must be discharged 
before starting the demonstrations. This 
may be done by running cold water over 
them, and drying them either by waving 
in air or patting with a towel. The two 
units neither attract nor repel each other. 

When unit A is pulled apart, new be- 
havior is observed. The tape attracts 
unit B; the vinyl also attracts B; and 
the tape attracts the vinyl. 

Now pull unit B apart, and additional 
behavior patterns can be observed. The 
two tapes repel each other, and so do 
the two vinyls. 

The above, or similar, demonstrations 
show that there are three patterns of 
behavior which the students observe: 
attraction, repulsion, and no forc2 at 
all. The results can be summarized in 



a table,, but be careful at this stage not 
to let your prejudice as a teacher who 
"knows the answers" misinterpret the evi- 
dence obtained so far. There are three 
behavior patterns, suggesting three states 
of charge. 



Type X 



Type Y 



Type Z 



Type X no forces attraction attraction 
Type Y attraction repulsion attraction 
Type Z attraction attraction repulsion 

This is not the time to explain that 
"Type X" is uncharged. After all, Type X 
does show the electric behavior cf at- 
tracting Y and Z. 

Some properties of electric charge can 
be shown most easily with an electroscope .- 
The explanation of the electroscope is 
not simple, and is not really relevant. 
If the description is given at all, use 
ternis that are consistent wit^ but do not 
actually imply, a fluid theory of elec- 
tricity. Quantization of charge is a 
later and not at all obvious discovery — 
although most studentb will have a vague 
familiarity with "electrons." It is only 
required at this point that the student 
realize that an electroscope works be- 
cause, when charger, the mutual repulsion 
or attraction of its parts causes a light 
vane to swing out. 

An electroscope that is encased on two 
sides by glass can be made more visible 
to a class by projection. Almost any 
small filament light source placed a short 
distance from the electroscope will pro- 
ject a shadow onto the blackboard ade- 
quately, even in a fully lit room. 

CONSERVATION OF CHARGE 

If a pie tin or coffee can is placed 
on top of the electroscope, any charged 
body lowered into the tin will cause the 
electroscope vane to deflect. With this 
"Faraday ice pail" apparatus we can dem- 
onstrate a most important aspect of 
electric ;harges: the two forms of charge 
we called Y and Z tend to cancel each 
otner. (A description of Faraday's "ice 
pail" experiment can be found in Holton 
and Roller, p. 443.) 

Prepare a tape-vinyl unit and produce 
the two charges by separating the strips. 
Lower one at a time into the tin to show 
that they are, in fact, charged. Now 
drop the tape into the tin and leave it 
there. When you drop the vinyl in (get 
it all the way in, but do not touch the 
tin with your fingers) , the vane will 
return toward its normal position. If 
you have moved rapidly encugh so that 
charge leakage has been small, the 
charges should almost exactly neutralize 
each other. 
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Apparently the two kinds of 'hargo 
tend to cancel each other's effects.' Our 
demonstration suggests, :,ut ^learlv dor 
not prove, that wnen creatine; the ti%o 
charges by pulling the strips anart, you 
created equal amounts, and that when you 
oat them back into tile can, one charge 
3ust cancelled the other. 

The fact that the tape-vinyl unit was 
of Type X (it did not pick up^bits of 
paner and aid not attract another tape- 
vinyl unit) suggests that Type \ in " 
Table 1 is not really a tmrd tvpe of 
c.iarge at all. It can be considered as 
having equal amounts of Type Y and Type 
2 — or, in normal language* of physics', 
Type X is merely the ' condition of beincr un- 
charged. 

It is at this point in the argument 
that it is reasonable to talk about two 
kinds of charge— wh: * wc could continue 
to call Y and Z, but which are called 
(+) and (-) m physics. Point out that 
there is no evidence for the existence 
of any tnird kind of charge. 

At this point, students thinking about 
Ta^le 1 may recognize a problem. The 
first column in the table implies that 
Type X, the uncharged state, can attract 
(cr be attracted by) the ( + ) alTd (-) 
charges, but cannot exhibit repulsion: 
Let tne students ponder this one; do not 
give then an answer! 



INDUCTION 

If a charge is brought near an electro- 
scone, the observed deflection cannot be 
accounted for by saying that the electro- 
scope has been given a charge. Let the 
students discuss this; guide them to the 
usefulness of representing various steps 
witn the aid of strip-like cartoons, as 
round on page 484 of Holton and Roller. 
You may not have to tell them that this 
oehavior can be explained in terms of a 
redistribution of the charges on the 
electroscope. Let the students develop 
the thesis that, although the electroscope 
still has as much (+) charge as (-) 
charge , the forces described bv Table 1 
coula result m a r edistribution of 
charges. After the" students have worked 
out a solution in their own words, you 
can introduce the language of induction. 

It may be useful at this stage to 
introduce the technique of charging an 
object by induction. If a demonstration 
is given without any comment from the 
teacher, it can be a good homework orob- 
l^m for students to try to explain the 
technique. We do not want to become 
sidetracked into a lengthy demonstration 
or discussion of specialized techniques, 
but in the experiment on Coulomb's law 
it will be necessary to charge pithballs 
by induction. 



i:lf:ctric charges and "electricity" 

It may be imposs:ble to put students 
in the frame of mind that existed when 
no direct connection between static and 
current electricity was known. Today 
students are so used to the term "elec- 
tricity" that they may find it impossible 
to believe that anyone ever reallv thought 
that tne two phenomena called bv the same 
name could be different. 

Suggest to the students that there is 
a problem here, but that thev alreadv 
have a possible solution to it. We recog- 
nize charges by the effects thev produce- 
repulsion and attraction. Students do 
not usually think of these same effects 
as indicators of the presence of electric 
currents . 

When the students were asked to "ex- 
plain" why an uncharged electroscope 
deflects when brought near a charge 
(induction), they accepted the idea that 
charges could move as thev redistributed 
themselves on the electroscoue . Ask the 
students whether a charge in' motion ex- 
hinits behavior which we associate with 
current electricity. 

An electroscope can be charged (or 
discharged) through a neon bulb, such as 
the bulb used in a blinky, or NE-2. The 
glow is brief and dim but visible. 

Transfer charge from a charged elec- 
troscope to a metal plate on an insulating 
handle. Discharge the electroscope com- 
pletely by grounding it. Now transfer 
the charge from the plate back onto the 
electroscope through the leads of the 
neon bulb. The bulb will flash. A sen- 
sitive meter, about 50 ;.a, should give 
just a perceptible kick if used m place 
of the bulb. 

There is the inverse question: can a 
current source be made to exhibit the 
behavior that we use to detect charges? 
This effect is difficult to show without 
having to introduce techniques that dis- 
tract from the issue at hand. Simply 
connecting the terminals of a cell to 
the electroscope will not produce any 

deflection. A high voltage supply 

giving 500 volts or more — should give a 
small deflection. (Note that a charged 
comb, which produces deflection in an 
electroscope, must be a high voltage 
source, although a very weak transient 
current source ») 

For lower voltages it is necessary to 
add extra capacitance to the system. A 
metal plate is placed on the top of the 
electroscope plate, the plates separated 
by a piece of paper. Attach terminals 
of a 45v (or more) cell to the two plates.^ 
Disconnect the lead to the electroscope, 
and then pull the upper plate away. The 
electroscope wiJ 1 show considerable de- 
flection . 
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THE CHARGE THAT IS " LOOSE" IN SOLIDS 

There are other ways than those men- 
tioned for separating charge from neutral 
matter — using heat,, light, chemical re- 
action, magnetism and radioactivity.. The 
chemical-reaction effect has already been 
demonstrated by the battery. Almost in- 
variably, the charge that can be separated 
is that kind which has been named 
suggesting that in conducting solids the 
" + " charges are more or less fixed in 
place and the "-" charges are loose and 
can move around. 

Ultraviolet light can knock electric 
change out of some metals. Shine a light 
source with a strong ultraviolet component 
(carbon arc, mercury arc) on a freshly 
cleaned (with sandpaper or steel wool) 
zinc plate atop che electroscope^ If the 
electroscope has been given a "+" charge, 
nothing will happen (because any "-" 
charge knocked out will be pulled back 
immediately) . If the electroscope has 
been given a charge, the leaves will 

quickly collapse.. 

If a metal wire is made quite bot, 
some electric charge is freed by the agi- 
tation. If the heating is done in a 
vacuum, the charge can drift across to 
an oppositely charged plate. The IK3 
(IG3, IB3) vacuum tube is such a setups 
Charge knocked out of the hot wire can 
drift to the cylinder if the cylinder 
has a charge opposite to that of the 
escaped charge. Connect the plate ter- 
minal on top of the tube to the electro- 
scope and charge the electroscope 
Connect the filament terminals to a 1.5v 
battery to heat the wire. Then repeat 
the experiment with the electroscope 
charged "-p." (The "-" charge freed fiom 
the wire will be pulled to the plate and 
balance the "+ n charge on the electro- 
scope, causing it to collapse quickly.) 

The appearance of charged particles 
emitted in radioactivity is discussed in 
a later lab. 



Use a point light source to project 
the demonstration* The angle between the 
thread and the vertical gives a rough 
measure of the forces. Show the uniformity 
of the field near a large plate, and the 
1/r drop-off of the fieid near a long 
charged wire 

To prevent leakage of charge from the 
pointed ends of a charged wire, fit the 
ends with small metal spheres. Even a 
smooth small blob of solder at the ends 
should help. 

Plastic strips rubbed with cloth are 
adequate for charging well-insulated 
spheres, plates, or v,ires. 



D48 The Electrophorus 

The electrophorus consists of two parts: 
a slab of wax or other non-conductor, and 
a circular metal plate, (slightly smaller 
than the wax) with an insulating handle^ 

1. Charge the wax by rubbing it with fur. 
2., Place the metal plate down on it. 

3. Touch the top surface of the metal 
plate. 

4. Lift the metal plate off the wax slab, 
by the insulating handle. 

5. ^ Show that the metal plate is charged 

by using it to charge an electroscope, 
or by discharging it through a neon 
bulb. On a dry day you may be able to 
draw a spark from it. 

6. Discharge the metal plate completely. 

Steps 2-6 can now be repeated over and 
over again without recharging the wax . 

Where does all this charge come from? 
Why does the wax not lose its charge? Is 
this a violation of conservation of charge? 

To explain the apparent paradox draw a 
series of diagrams showing the situation 
at each step: 



ELECTRIC FIELD 

Here are two methods that can be used 
to explore the shape of electric fields: 

1. Place electrodes of various shapes 
into a dish of oil and charge them with 
a Wimshurst machine or Van de Graaff 
generator . Grass seeds , hair clippings , 
lycopodium, etc. : . sprinkled on the oil, 
will polarize and line up along the elec- 
tric field direction. A transparent tray 
can be used on the overhead projector 

2. Suspend a charged pithball from a 
stick on a thin insulating thread, and 
use it as a roughly quantitative indi- 
cator of fields around charge spheres, 
plates and wires. 



1. The wax is charged by rubbing 




^. Tt<+ ff^f-^. 



2. Negative charge of wax attracts posi- 
tive charge to bottom of metal plate, 
repels negative charge to top. The re is 
separation of charge in the plate, but it 
still has no net charge. 
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3. Some negative charge leaves plate via 
demonstrator ' s f inaer , hand f arm, etc . to 
earths When finger is removed, plate has 
net + charge. 



This explains why the wax retains its 
original charge. But it does not explain 
how we were able to charge the electro- 
scope T or light the neon bulb repeatedly, 
since the action requires an expenditure 
of energy every time. Is this a violation 
of the law of conservation of energy? Or, 
if not, where does this apparently unlimit- 
ed energy come from? The answer is that 
work is done by the demonstrator every time 
he separates the metal plate (+ charge) 
from the wax (- charge) , in step 4. 



5. 



6. No charge on metal plate, all original 
charge on wax remains. 



D49 Currents and Forces 

(Do before Experiment 3?*) 

The purpose of this demonstration is 
twofold. It introduces the students to 
the apparatus used in the experiments ; ( 
this will save them valuable time. It 
points out that the spatial configuration 
of the two currents — whether they are 
parallel, perpendicular or antiparallel — 
has an effect on the forces that result.- 
Among other things, these relationships 
are an important part of the design of 
the current balance; an understanding 
of why only the top wire of the fixed 
loop is considered depends upon the dis- 
cussions developed in this demonstration. 

Forces exist between two parallel (or 
antiparallel) currents, but not between 
currents that are perpendicular. 

Equipment 

1 current balance, with the longest 
loop 

1 power supply, 6-8V dc 

2 rheostats — 5 ohms, 5 amps 

2 ammeters, 0-5 amps dc wire leads 
ring stand with test-tube clamp 
hook-up wire with alligator clips 
paper clips 
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Procedure 

1. Turn the frame upside down and 
stand it vertically. This provides a 
horizontal wire (of 10 turns) near the 
top of the frame. 

2, Support the balance beam, with the 
longest loop attached, so that it can 
swing freely with the loop just above 
the top of the fixed coil. One way to 
do this is to support the knife edges 

on paper clips which are in turn held 
by alligator clips. 



trie circuits,, it is probably best to 
make these connections in front of the 
class, not ahead of time. This is the 
time to explain some of the terms such 
as resistance and rheostat that are used 
in the student notes. A running commen- 
tary or a dialogue between teacher and 
class on what is being done, and why,, 
will be informative. 

The Demonstration 

By moving the ring stand or the frame 
into different relative positions, you 
can show students the following relation- 
ships : 

1. If the wires are perpendicular, 
there is no observable foice between 
them. j 



^> ./ 



you have one of the older (1966-67) 
versions of the current balance you can 
hold the balance support bar in a test 
tube clamp. 

P 





2. If the wires are parallel and in 
the same horizontal plane,, there is an 
observable force the direction of which 
(attraction or repulsion) depends upon 
the relative directions of the currents 
(parallel or antiparalle 1) . 

i 




The same current in the bundles of ten 
parallel wires has a much (ten times) 
bigger effect than the same current in 
the single blue wire.; 

3. If the wires are parallel, but the 
balance loop is directly above the fixed 
loop, there is no observable thrust: 



3. Set the balance for minimum sensi- 
tivity by sliding the sensitivity clip 
3own as far as it will go. (In this way 
the interaction between the loop and the 
earth f s field will not be observed.) 

4. Connect the balance loop through 
the rheostat and ammeter to the power 
supply. Adjust the current to about 4 
amps . 

Connect the fixed coil in a similar 
way, and set the current in it to 4 amps 
or so. The values of the currents are 
not critical. Since students may not 
have had much experience connecting elec- 




Be sure to discuss this until students 
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realize that there may be a force, but 
that this balance does not respond to 
it; it is a vertical thrust (up or down 
depending upon whether currents are 
antiparallei or parallel) . 



D50 Currents, Magnets and Forces 

(Do before Experiment 36) 

This demonstration prepares students 
for Experiment 36, Currents, Magnets and 
Forces. A clear demonstration before 
the experiment will save time and point 
out some important observations that the 
students might otherwise overlook. The 
demonstration shows that there is a force 
between magnets and currents and estab- 
lishes the relationship between the 
directions of current, magnetic field 
and force. 

Students may have discovered some of 
this for themselves in the early part 
of Experiment 35*. 

Equipment 

1 current balance with longest loop 
in place 

1 power supply 

1 ammeter (0-5 amp dc), 

1 variac or 1 rheostat (5 ohm, 5 amp) 

2 ceramic magnets on iron yoke 

2 ceramic ring magnets, if possible. 
These can be any size, but should 
have center hole of at least V 
diameter. 

wire leads 

1 ring stand and test tube clamp 
Procedure 

Set up the current balance with the 
longest loop clipped to the balance beam. 
The current balance frame serves only as 
a convenient support for the balance beam 
in this demonstration. There will be no 
current in the fixed coils.: Point this 
out at the beginning of the demonstration. 



Connect the loop to the ammeter and 
power supply. Have either a rheostat 
in this circuit, or use r variac on the 
power supply. 

Adjust the current to about 2-4 amps. 
The exact value is -.ot important. 

A. Current and Field Perpendicular 

Place the magnet-pair on the current 
balance shelf so that the balance loop 
passes through the field. 



Turn on the current and note the direction 
of the thrust. 

The usual variations are possible. 
Show the effect of the following changes 
on the direction of the force: 

1* Reverse the current by interchanginc 
the leads to the balance. 

2. Invert the magnet-pair 

3. Reverse both the field and the 
current. 

All the orientations studied so far 
will have caused a detectable force on 
the loop. Now turn the magnet-pair 
through 90° (magnetic field now horizontal) 
again making sure that the loop passes 
through the center of the field. There 
is no visible displacement of the loop* 
Is this because there is no force ii. this 
orientation, or is it because there is a 
force but in such a direction that it 
doesn't cause the pivoted loop to move? 
Remind students that this balance doesn't 
respond to vertical forces. 

At this stage, if he has not already 
done so, the demonstrator must establish 
directions that describe the orientation 
of the current, magnets and force.. The 
directions of the current and of the force 
are easily defined. If the students have 
not already been introduced to the idea 
of magnetic field, this is the time to do 
so. The important point at this stage is 
to establish the direction of the field. 
Using a small compass or iron filings, 
show that the field between the faces of 
two ceramic magnets is perpendicular to 
the faces. 

Now we can go back and discuss the 
relative orientation of current, magnetic 
field and force in the different parts of 
the demonstration. Students should be 
able to see without too much difficulty 
that an inference of our demonstration, 
so far, is that when current and magnetic 
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field are perpendicular to each other,, the 
force on the current is mutually perpendi- 
cular to both. Teachers may, if they 
want, qo on to develop a rule for the 
directions of current,, field and thrust 
(e.g.., the left-hand rule where I; 
current— -index finger; first finger — 
field; thumb — thrust) . 

B« Current and Field Parallel 

With ring magnets you can demonstrate 
that there is no force on a v:ire if the 
current is along the direction of the 
magnetic field. 

Disconnect one end of the magnesium 
loop, and slide the ring magnets, properly 
oriented to give a field (unlike poles 
facing) over the loop.^ Reconnect the 
loop. 

Use a little putty to support the 
magnets on the shelf, a few inches apart. 




The distance is not critical and may 
depend on the size and strength of the 
rings. Adjust the balance loop so that 
the wire hangs freely in the center of 
the rings. 

As current is switched on and off, the 
only effect on the balance will be a 
small one due to the earth's field (whic^ 
can be avoided by adjusting the sensitivity 
to a minimum) . If any deflection is ob- 
served, repeat the test without the magnets 
in position to show that the observed 
deflection was in fact due to the earth's 
field. 

The inference of this demonstration is 
that with current and field parallel, 
there is no force on the current. (You 
may again want to show the direction of 
the field between these two magnets, using 
a small compass.) If students object that 
there may still be a force — but a vertical 
one and therefore undetected by our bal- 
ance — invite them to find an orientation 
of current and field (while still keeping 
their parallel, of course) that does pro- 
duce a horizontal force. 

C. The Interaction Between the Earth's 
Field and the Balance Loop 

Procedure 

Set the sensitivity to a maximum. 
(This probably means using two sensitiv- 
ity clips, one at the top of the vertical 
rod, one midway; see Equipment Note.) 
Adjust the current in the balance loop 
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to 4 amps or so; turn it off-. Set the 
balance to rest,, and set the 2ero-mark 
level with the pointer arm; then turn on 
the current.- The pointer deflects. Show 
that the deflection depends on the size 
of the current in the loop. Remind stu- 
dents that there is no current in the 
fixed coils. 

Students already know that there is 
an interaction between magnets and 
currents, but there is no magnet near 
the current now, nor is there another 
current nearby. Thib deflection is 
caused by tne earth's magnetic field. 



D51 Electric Fields 

Mapping of an electric field can be 
done as follows: place a small glass tray 
on the stage of an overhead projector and 
fill it with water. Place the projector 
microammeter next to it. Connect a 45- 
volt battery to two electrodes in the 
water, and explore the electric field in 
the water with two wires connected to the 
microammeter . Equipotential lines are 
traced by seeking zero voltage positions; 
lines of force are traced by seeking maxi- 
mum voltage positions. (The latter re- 
quires a constant distance between 
electrodes; a small loop of thread will 
do.) This can be done individually by 
putting a piece of white paper at the 
bottom of the tray and using pencils for 
electrodes . 

The audio oscillator-amplifier with 
small loudspeakers can also be employed 
for an audio output. 



D52 Demonstrations and Experiments 
With Microwaves 

(For details on operation of apparatus 
see Equipment Note, p. 81; see also 
Experiment 38* for application of micro- 
waves to communication . ) 

Because most classes will have only 
one set of microwave equipment these 
experiments have not been described in 
the Student Handbook. But some students 
at least should be given a chance to use 
the equipment and do for themselves the 
exper'.ments described here. 

Thu microwave region is intermediate 
between radio and light in the electro- 
magnetic spectrum . 

With a microwave oscillator and detector 
one c a demonstrate the properties of elec- 
tromagnetic radiation. 
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Reflection, Transmission 

Material Reflection 
Metal good 
Wire screen good 
Dry paper no 
Wet paper some 
Human hand some 
Glass some 
Paraffin some 



Transmission 
none 
poor 
yes 
no 
no 
some 
some 



Refraction can be shown by the focussing 
effect of a semi-cylindrical lens formed 
by allowing paraffin wax to solidify in 
a small juice can (Fig. 1) . 
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Standing Waves 



Fig. 1 
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Fig. 2 



Explore the region between source and 
reflector. The distance between neigh- 
boring nodes (minima) is half a wave- 
length. From X and c = 3 x 10 8 m/sec 
calculate f = £, (f 1S about 8 x iq* 
cycles per second.) 



c) Use the two large screens to make 
a single slit about 10 cm in front of the 
source. The slit should be about 4 cr 
wide. Explore the region behind the slit. 



T 



(B) 
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Two-Source Interference Fis ' 3 

A two-source extension horn is supplied. 
Place the two-source extension over the 
horn of the generator.* Explore the field 
about 25 cm in front of the two sources 
and plot the positions of maxima and mini- 
ma. At least 3 maxima should be picked 
up on either side of the central one. 

This method can be used to calculate 
wavelength. Use either the formula 
, xd 

" ~* or tne fact that an Y point on the 
first nodal line is one-half wavelength 
further from one source than the other: 

S 1 N 1 -S 2 Nj = ~ 

For the first (non-central) antinode 
(maximum) we have 

and for the next node 



SiN 2 -S 2 N 2 = |i 



etc . 



Diffraction 

a) A narrow aluminum screen is provided. 
Place it 12 cm in front of the source. 
Explore the field 5 cm behind the screen 
and at greater distances.. Observe the 
maximum in the center of the "shadow." 

b) Mask one-half the source with the 
large screen placed about 12 cm in front 
of the source. Explore the intensity of 
the field as the detector is moved paral- 
lel to the screen and about. 5 cm behind 
it. you migh^ use the meter to record 
and plot intensity.: You should be able 
to resolve at least two maxima.* if the 
signal is weak, use the amplifier (con- 
nect diode to input, meter to output — 
see Equipment Note) . 

Note that the intensity at the first 
maximum is greater than when there is no 
screen present. 




Lloyd' s Mirror 

In this variation of the two-source 
experiment, the source and its own image 
act as the two sources.* It is much easier 
to demonstrate with microwaves than with 
light because the greater wavelength makes 
the adjustments less critical and the 
interference pattern larger. 
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Position the source and detector so 
that intensities of the direct and re- 
flected radiation are about equal. Move 
the detector towards and away from the 
mirror, or keep the detector and source 
fixed and move the mirror. 

The variation in total intensity at 
the detector is analogous to radio 
"fading." The metal reflector acts 
the nart of the ionosphere (see Experiment 
#38*). 



/ 
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Fig, 5 



You can demonstrate that the polarizer 
is in fact acting as a reflector by plac- 
ma it at a sliaht angle and detecting 
the reflected radiation. When the copper 
strips are horizontal (perpendicular to 
the E field) electronic displacement is 
restricted and reflection is much less. 

But not all polarizers work by re- 
flection. An open hand, fingers verti- 
cal, acts as a good polarizer too. Here 
the radiation is partly absorbed partly 
reflected. As the hand is rotated the 
transmitted signal increases and reaches 
a maximum when the fingers are horizontal. 

Most polarizers of visible light 
( "Polaroid, " tourmaline crystals , etc . ) 
evidently work by absorption rather than 
reflection. These materials have a lin- 
ear structure,, similar in principle to 
our microwave polarizers, but on a much 
smaller scale. 

For modulation of microwaves and 
application to communication, see 
Experiment 38*. 



Polarization 

It is mucn easier to demonstrate (and 
explain) polarization with microwaves 
than with light. 

The radiation from the microwave gen- 
erator is plane polarized, with the elec- 
tric vector vertical. When the detector 
is held with the antenna vertical the 
signal is maximum: the (varying) vertical 
electric field causes movement of electrons 
up and down the antenna. As the antenna 
is rotated the effect decreases and dis- 
appears when the antenna is horizontal 
(perpendicular to the field) . 

A polarizer (copper strips plated on 
a piece of board) is provided. With the 
antenna held vertically,, place the polari- 
zer between it and the source. Rotate 
the polarizer about a horizontal axis: 
the signal is maximum wnen copper strips 
are horizontal and becomes zero when they 
are vertical.. 

Don't talk about picket fences or slots 
in pieces of card and rope waves at this 
state 1 

Why does the polarizer work to cut off 
radiation when the copper strips are paral- 
lel to the E field? In this orientation 
the varying E field causes a displacement 
of the electrons in the copper, just as it 
does in the vertical antenna. It is this 
displacement, induced by the radiation 
itself, that causes reflection of the 
radiation. It is because there are free 
electrons present in metals that they are 
better reflectors than non-metals, at 
light frequencies as well microwave fre- 
quencies . 
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L41: Standing Electromagnetic Waves 

The intensity would go down inverse 
as the square of the distance if the 
radiating dipole were in free snare. 
Because of the cavity the observed de- 
crease of intensity is not as rapid as 
this. 

Although the energy distribution in- 
side the cavity is far from uniform in 
space, the total power (almost ?0 watts) 
supplied by the transmitter is constant 
in time. The student might expect that 
when the standing wave exists in the 
cavity all or most of the rejected 
energy wouio be re-absorbed by the trans- 
mitter,, reducing the net radiation re- 
quired. This is true, but the meter 
reads the forward power,, not the net 
power. Some of the power of the trans- 
mitter is used to balance losses of 
energy (the cavity is not closed on all 
sides). Also, some electromagnetic 
radiation is re-emitted in all direc- 
tions by the receiving dipoles m which 
electrons are flowing. 
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E32*: Young's Experiment — Measuring the 
Wavelength of Light 

In this experiment a "showcase lamp" 
(e.<j. f Macalaster Scientific Cat. No. 
1335, or from local stores) is probably 
best for classroom demonstration. The 
6V automobile lamp from the Millikan 
apparatus can be used by small aroups of 
students for this demonstration and for 
the experiment itse)f. 

You might want to have students see 
diffraction of light from a point source 
by a circular aperture 'Din prxck in tin- 
foil or opaque paper) . This is also 
suqqested under "Some More Experiments" 
at the end of the student notes. 

Tor a point light source you can use 
the small liaht source (AA cell and bulb) 
used for strobe photograph, or the 
Millikan light source viewed end-on. 

To observe interference,, not only must 
the light sources be small and close to 
each other,, but the liaht waves that 
travel from the sources to any point P 
must have a sharply defined phase differ- 
ence that remains constant with time. 
This essential condition, called coherence , 
is not mentioned in the student notes. 

The cardboard tubes mentioned in the 
two-slit pattern observation are from 
the telescopic kit. Make sure to remove 
the objective lens! 

The set-up shown in Fig. 2 is import- 
ant. Any light that enters the tube 
except through the double slits will 
spoil the interference pattern. If the 
dark part of the film is not black use 
black tape or colloidal graphite to make 
it opaque. 

One important feature of the experi- 
ment is that students do not need to work 
in a darkroom. The telescope tubes serve 
as individual darkrooms. 

Earlier versions of the magnifier- 
with-scale will not fit into the narrow 
tube. They will fit into the wider tube;, 
tape may be needed to give a snug fit. 

In finding the wavelength of the trans- 
mitted light in Q4 , the slit spacing d is 
about 0.2 mm. The students should remember 
that for any wave motion v = Xf. 

Q6 Wavelength is too small for nodes, 
antinodes to be seen. 

Q7 Because of short wavelength diffrac- 
tion, effects are not usually noticed. 



Ccnt*"ai>t bol. t;Kr of sound (uavolenath 
abcut 10 r - qaatcr) v%hich "':ces round 
corners" quite well. 

C8 The first one that comes to rand is 
the interference colors pioduced by a 
thin film (e.g., by reflection from an 
oil layer on a puddle) but students 
probably won't realize that tins is an 
interference effect until you tell them. 
There is more on this in "sugqestions for 
some more experiments . " 

In j tern 3 of " suqqes tions for some 
more experiments , " qlass flats work even 
better than clean microscope slides. 

E33*' Electric Forces I 

Several important points that are not 
brouqht out in the experiment should be~~ 
mentioned in discussion and, where pos- 
sible, demonstrated by the ins true tor : 

1. By "generation' of electric charqe 
we reallv mean separation of charqe. The 
two rubbed objects acquire equal and op- 
posite amounts of charqe. No new charqe 
is created. This is demonstrated con- 
vincingly in D47. Indeed, electric 
charqe should be added to the list of 
conserved quantities that have already 
been discussed* mass, momentum, enerqy, 

2. Rubbing or "peeling off" is not 
the only way to separate electric 
charge. Charge can also be produced by 
heating and by shining light on the 
surface (demonstration D47) . Chemical 
reactions (separation of charged ions 
by electrolysis) and radioactive reac- 
tions (emission of charged particles) 
should also be mentioned. 

Several comments about experimental 
technique are also in order. On humid 
days the charged tapes may have to be 
replaced fairly often, since they will 
tend to discharqe through the air. The 
surface of the table should be clean, 
dry and non greasy it should also be 
smooth enouqh that the tape can be peeled 
off easily. If there are no such tables 
around, a glass plate rr any hard plastic- 
covered surface will do equally well. 
One should always hold two tapes up with 
non-sticky sides facinq each other, since 
they might otherwise stick together and 
alter each other's charge. Finally, it 
may often be helpful to fold over about 
V of tape on one end before pasting it 
to the table. The non-sticky surface 
will make a convenient tab to pull up 
the tape by. 
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An?,, ip • - %^tp r. 

nj The- r. action of thi p<j: < r ^-r-.p 
sV ulq « tJ'-it t'io ' <n f r 5 r-T* d. 

02 Tin' u.o tapes, if they arc c^irw ■ 
m identical ways, should' have th- s.ro 
charge- tnev should there foi^ ropel each 
other when hold close toqetht»r. 

03 The third tape, bemq charqed, will 
interact with the other two. It will 
pr obably rem 1, and be repelled i v, 
the first two- Of course if the first 
two tapes attracted each other the third 
will be attracted to one, and be re- 
pelled b\- the other. 

Q4 Tf the two tapes are properly pet led 
apart after beincr removed from the* table, 
thev should be oppositely charqed, and 
should attract each other. Aqam, one 
should be careful not to qet the tapes 
into a situation where they can stick 
toqethcr- peelinq them apart would alter 
the charge., 

Q5 When each of the two tapes is brouqht 
near the oriqinal test strip (which may 
need replacement by now,, especially on' a 
damp day) one finds the test strip will 
attract one,, repel the other of the 
separated pair of strips. 

06 The behavior of A and B differ in 
that any charqed object that iS attracted 
to A is repelled bv R ,, and vice versa. 
Q6a All charqed objects will fit into 
one or the other of these qroups,, namely 
"attracted to A" or "attracted to R . " 
*V and B arc attracted to each other. 
Therefore,, when makmq a table, A is 
olaced in the "attracted to B" column, 
and B in the "attracted to A" column. 

08 The electric force is responsible 
for all these effects. 

Q9 The reasons for an attractive force 
always arising between a charqed and an 
uncharged body are explained more fully 
in the text. Tor a more difficult puzzle 
that also depends on induction, 
demonstrate the e lectrophorus to stu- 
dents {see D48) . 



E34: Electric Forces— Coulomb's Law 

Will the experime nt wo r k ? * 

As in all electrostatics, the success 
of this experiment depends heavily on 
local conditions. Two factors should be 
considered : 

First, the balance, of necessity, is 
a sensitive instrument: students need 



You might have the PSSC film on Coulomb's 
Law (#0403 available from MLA) on hand, 
}ust in case., Running time: 30 mm., 



it. : anual dexterity toi thi r - e>.: , r\ 
rent than r-- t cf th* others in t..». 
course. students iviM \\c i\ n i sr\ct.'. 
tear, b'„th to reduce the tire i<.,:ii:e<< 
'"cr the experirent and tc irinisMie air 
currents in the laboratory. A siirple 
dampma device, a pin movma in an cil 
bath, has been devised to reduce the 
annoymq tendency of the balance to 
osc 1 1 la te excess lvely . 

Tne second condition that determines 
the probability of success is the rate 
at which charge leaks from the balls. 
Under extreme, usually unpredictable, 
conditio: s of dampness it will be impos- 
sible to carry out this experiment. 

Local drying of the atmosphere may be 
possible in your laboratory.' 

a) Leave the steam heat on over the 
previous niqht. Success of the experi- 
ment may be worth the discomfort of a 
hot laboratory. 

b) A larqe aquarium tank from your 
school's bioloqy department, may allow 
you to perform the experiment as a 
demonstration-experiment inside a 
partially enclosed space. Dry this 
space with heat lamps, but start them 
well in advance of the period. 

There are several methods available 
for measuring the small forces involved 
m this experiment. The balance used 
here has the particular merit that it 
does not require indirect geometrical 
calculations. As the students do the 
experiment, they have a real and obvious 
sense that they are measuring forces. 

Alternative experiments on the force 
between charged bodies could be substitu- 
ted here, of course (e.q., PSSC experi- 
ment IV-3, "The Force Between Two Charged 
Spheres" — equipment is Coulomb's Law 
Apparatus No. 1002, $8.00 from Macalaster 
Scientific Corp.). That experiment, 
however involves resolution of forces, 
a topic that our students have not en- 
countered. The experiment described 
here involves a simple balancing of 
forces, a technique that students will 
use again in the current balance and the 
electrolysis experiments. 

You are urged to preassemble the 
equipment, if at all possible, to save 
classroom time. Even if students are to 
assemble the balances, parts should be 
prepared — plastic slivers cut, balls 
coated — before the lab period begins. 
Besides saving time, it may help to 
reduce the handling of these small bits 
of equipment. Caution students to touch 
slivers only by the ends, not by the 
center portion or the edges, and not to 
charge the slivers by rubbing them, etc. 

Better success has been reported with 
the use of the milky white polyethylene 



64 



Experiments 
b31 



than with the clear plastic cut from 
electrostatic chargma strir^. Some 
teachers nave successful ly used pi ast ic 
"drink sticks," toothpicks, etc. 

Slivers should be about 5 err long, 
pointed at one end. They must be clean 
and dry. The other end should fit snugly 
into a soda straw. 

Although poly foam balls have been 
used and are usually supplied by manu- 
facturers, some teachers report greater 
success with pith balls. 

It is imporcaftt that the balls have 
a heavy coatina of graphite in alcohol. 

Student notes do not. give directions 
for cuttina the slivers or for painting 
the balls. If you want the students to 
oorform these steps , you will have to 
enve them directions, verbal or dittoed. 

If the balls and slivers have been 
prepared ahead of time, they can be 
dried under a heat lamp or radiant neater. 
Do not overheat! 

Almost any small plastic container 
will serve as the base for the balance. 
It should be about 3/4" to 1" across. 
Containers for Polaroid Print Coater 
work well . 

The notches must be smooth if the 
balance is to swing freely. 

Stray induced charges in the tabletop 
can rum this experiment when the balance 
is too close to the table. The balance 
must be far enough above the table so 
that charging it will not result in a 
change in the horizontal balance position 
described in th^ student notes. How far 
this must be depends upon the local 
conditions, but 10 centimeters should 
be adequate. A book (or two) or a box 
or a plastic cup can be used as a base 
support (Fig . 1) . 

For dampina, any sliahtly viscous 
liquid will do, such as glycerine, min- 
eral oil, vacuum pump oil,, etc. To ore- 
vent tippinq, the container must be 
firmly taped to its base support. 

A paddle — small piece of cord- on the 
vertical pin will further increase the 
damping. Lubricating the bearing with 
oil may help the balance to swing freely. 

A larger charge will generally be 
obtained when charging is by induction 
rather than contact. Besides, "scraping" 
charge onto (or off) the balance ball can 
disrupt the balance. But students may 
not have had much information about 
"charging by induction." So it is not 
suggested in their instructions. 

Measuring distances b etween the cen ters 
of th e spheres 

The induced charges in a ruler held 



tor clo^e to th<- ^..irTM sph* :o° i< i 1 1 
"n* i c i:3: tl" i r * lm • th»* oxr^i :r *m ? a 1 
results. Studort^ ,ir«. \or:io<: .iii.it t^i*- 
in thei r r»xrer l^e^t : o* os # 1 tit ik >clutu 
to the Pi't.Ller f'^ ui r< asino^trit l* 
ai ven . Many methods ar< pc^u le, and 
it is J cp««d that <^t jJcr.tr \ i 11 c t«* up 
\v i th aoou ideas on th< i: o\v n . tit re ur* 
two techni fMcs th it i\ wld 1 e sinaost o<? , 

1. Tlu problem i^ to line up your eye, 
a sphere and a ruler s< r.e ; cr h«>hi:,d th»- 
sphere, students r a; not be very fanilia 
wi th par a 1 lax and the ways t * reduce i t . 
A mirror, uandbaa-si oi a 1 i 1 1 U 1 .u uer 
u 1 11 do (try the loo a 1 j and 1 0-ceiit 
store). Stick centimeto; tape along the 
longer edge and stand the mirror in a 
ver tica ] po^ i t i on about S cm boh i nd the 
ba lance . When the charged sphere , or 

the sliver, lines up with its imaae in 
the mirror, parallax has beer, eliminated. 
This techni nue is often used with pre- 
c i s ion meters . 

2 . Centimeter tape can be stuck to the 
ring stand post. If the students record 
the pos i 1 1 on of the c lamp at each s tee 

of the experiment, they can reset these 
pes i t ions when the ox nor lment a 1 procedure 
is over and get the distance between 
centers of the spheres bv di root measure- 
ment. At this staae it will not matter 
if the ruler is brought riaht up to the 
spheres , 

Urge students to work smoothly but 
quickly. For example, let one record 
data whi le the other observes , 

If students work from small to large 
forces fv charges closer as experiment 
proceeds), they will be following the 
student notes. If there is appreciable 
charge leakage during the minute or so 
required for the experiment, the results 
of a plot may be ambiguous. Usually, 
under these circumstances the student's 
plot of F aaainst 1/d looks almost as 
linear as one of F against \/<\' J . 

However, if students proceed from 
large tu small forces (moving charges 
from close up to farther apart), then 
the ambiguity is liktly to be between 
F vs. l/d ? and F vs. 1/d 7 ! You might 
ask ha If the class to reverse the order 
given in their experiment notes, but be 
sure to allow time for discussion so 
that students can compare resultb from 
both methods . 

It is important to have the students 
perform the final part of the force vs. 
distance procedure as described in the 
student notes. If they have taken meas- 
urements while bringing the charges 
closer together, they must finish by 
removi ng one or two hooks and checking 
the separation required to reestablish 
balance. This measurement will probably 
not agree v.ith their earlier data for 
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this number of woi«hts. Of course, if 
the students have reversed the order and 
taken measurements while novina the 
charaes farther anart , they will perform 
the "check** by addino a hook or two at 
a time and then comparina the balance 
position with a previous roadina. 

Only by actually performing this chock 
will students observe directly -just how 
serious the charqe leakaae has been. 

Student notes do not suanest ways to 
decide what mathematical relationship 
best fits the experimental result. 
Suqaestions for plottinq were given in 
the notes on Behavior of Gases (r,30) , but 
you may have to suggest that they plot r 
aqainst 1/d , F against 1/d' ,, etc. 

With reaard to question 8, each ball 
now has one half the oriqmal charge. 

Students should find that removing 
three hooks (one left on) restores the 
balance better than removina two: 

T ' qq « q 

q' = \q 

. " . T' - a' a' * do) (So) \ q . »r 

Students may be able to conclude that 
r » qjq., thouqh more experiments arc 
needed to be sure of this. 

A nswers to questi ons 

Induced charaes will affect balance: 
see above . 

Force law chanqes for small separa- 
tions — we can no longer consider charge 
as concentrated at the center of sphere. 

Suspend both balls so that they are 
free to move. 



E35': Currents and Forces 

The current in the balance loop (I v ) 
will interact with the earth's magnet- 
ic field. The magnitude of the force 
depends on the magnitude of 1^. (: n t ) ie 

prototype balance, when I b = 2.0 amps 

and 1^. = 0, the force was found to oe 

balanced by the weight of L cm of *f30 
wire on the notch.) 

The students' notes tell them to turn 
on I b before they connect the fixed coil 
(I f ). They may notice the slight deflec- 
tion of the pointer, but its cause ^s not 
explained in the notes. Since the f.rst 
part of the experiment should give the 
students some familiarity with the forces 
between magnets and currents, it may be 
best to wait until after that part to 
attempt an explanation . 



The ** balance-position" is marked with 
the ^ero-nark indicator when I is on, but 

I f is not. In this way, the gravitational 

forces on tne balance itself compensate 
for the earth's maqnetic effect, of 
course the zero-mark must be adjusted if 
1^ is changed. This is one good reason 

for usinq a null method for balancing. 
The data obtainable with this apparatus 
are actually quite good. We append a 
sample report to give an idea of the sort 
of results that can be expected. 

A. Group A is expected to report that 
F = I.-. Lead the class to accept the 
argument, from svmmetrv, that r = I also 

b 

After all, the fixed loop could have been 
made to move, and the balance loop could 
have been held fixed; the experiment would 
have been the same — only the equipment 
would have been modified. 

Thus Group A reports F = I and 



Students may qet confused, hold I f 

constant,, and vary I ' Since the force 

on the balance due to the earth's field 
increases with I , the effect is not a 

constant. A plot of F vs. 1^ will not 

be linear, although it will pass through 
the origin. 

B. Group B reports F = 1/d. 

The fixed loop consists of a bundK 
of wires; the location of the "center" 
is assumed to be the geometric center. 

Students are directed to obtain data 
for values of d from about 0.5 cm to 5.5 
or 6.0 cm. Keep in mind that,, for d = 0.5 
cm, an uncertainty in measurement of only 
'0 1 cm represents 1 20% . 

Since the bal a nee is moved between 
readings, students must recheck * posi- 
tion of the zero mark every time. These 
readjustments are critical. 

Students should plot F against d^ The 
F vs. d curve should suggest that the form 

of the relationship may be F « ^. if stu- 

1 

dents next plot F against ^, they will get 

a straight line. For small values of d 

(large ~) where the uncertainty is large, 

there may be noticeable deviation from a 
straight line. 

C. Group C reports F a k 

In this part of the experiment the 
actual distance between the loops and vsires 
is not critical. (it must, of course, be 
the same for all measurements.) it must 
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be small enough, however, so that there 
will be a reasonable force on the shortest 
loop for the currents and distance used. 
In a trial with the prototype balance, 
currents of about 4 amps were used. The 
shortest loop, at a distance of 1.5 cm, 
gave a force equivalent to only 3.5 cm of 
#30 wire. Since the balance is responsive 
only to about i 0.5 cm of #30 wire, tne un- 
certainty in this 3.5 cm value was ■ 14%. 

The results of the three groups combine 



to give: 



K * I i I 



or F = 



A possible extension of this series of 
experiments is the determination of the 
constant k' (Q14) The force F must be 
converted from centimeters of wire into 
weight of wire, and the weight of wire 
expressed in newtons* The balance is con- 
structed so that the horizontal part of 
the loop and the notch on which weights 
are hung are equidistant from the pivot, 
i.e., the two torques are equal, there- 
fore the forces are also equal. (The 
value of k' is defined 2 ' 10"' newton/amp J 
it serves to define the ampere.) 

This constant is related to the con- 

stant in Coulomb's law F = k — and the 



velocity of light, C: 



2k 
k' 
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The value of the coulomb law constant 

k = 9 * 10 9 N*m : /coul 2 was given in Sec.^ 14. 

Students will probably be intrigued to 
find this familiar number (C = c ' 10" m/s) 
cropping up in an apparently unrelated 
field. If you do bring out this point we 
suggest that rather than try to explain it 
you let it stand as the first clue that 
there is a connection between electricity, 
magnetism and light. This connection is 
brought out in the discussion of Maxwell's 
work in Chapter 16. 



F vs. d 

Used mirror and plastic cm tape, for 
parallax- free scale . 

>Vire radius = 0.1 cm. 

Fixed loop diam. = 0.3 cm, so r = 0.15 

cm . 

If measure position of mrar edge of 
balance loop 

distance = d * 0.1 - 0.15 = (d - 0.05} 

cm 

Added F = 20 cm, set d = 0.65, adjusted 
currents: set at max. sensitivity I f = 
2.75 amp, I =2.7 amp * £ 



SAMPLE DATA OBTAINED USING PROTOTYPE 
CURRENT BALANCE 

A. F VS. I f 

d= 1.75 -0.25=1, 50 cm 

1^ = 3.0 amps 

maximum sensitivity 



d - 0.05 



dist 


1/d 


F 


1/F 


0.6 cm 


1. 


7 


20 


0.05 


0.9 


1 


1 


15.5 


0.065 


1.2 


0 


83 


11.5 


0.087 


1.65 


0 


60 


0 


0.11 


2.15 


0 


46 


7 


0.14 


2.75 


0 


36 


5.5 


0.18 


3.25 


0 


31 


5 


C.20 


3.8 


0 


26 


4.5 


0.225 


4.7 


0 


.21 


4 


0.25 


6.25 


0 


16 


2.5 


0.40 



ERIC 



67 



Experiments 

E35- 

E36 



C t pi 

. u >* 



fr-i 



- 



Note that in this experiment the ^ero- 
mark was set with no current in the bal- 
ance loop. This accounts for the finite 
intercept on the F axis, which represents 
the force on the balance loon current cue 
to the earth's magnetic field. If the 
zero-mark had been set with the current 
to be used in the expennent in the bal- 
ance loop, then the F vs. 1/d clot would 
pass through the oriam. 

C. F vs. . 

Set at intermediate distance 1.55 cm 
between inner edges. 

Added F ~ 20 cm . = 29.7 cm 
Adjusted currents l c - 4.1 amr 

I = 3.9 amp 

• = 16.1 cm 
/V^v^t (a) loop parallel to fixed wire 
and horizontal 

(b) sensitivity 

(c) balance point 

Adjust current 

' = 7.3 cm F = 6 . 5 cm 

' = 4.8 cm F = 3.5 cm 

Plot: good except for first, long loop. 

1. Reset; found loop not ouito hori- 
zontal with fixed loop. It was about 

4. mm high, . low torque .*. low force. 

2. Made new loop! Was now horizontal. 
Got F = 21.5 cm for ; = 30.0 cm. A little 
better — within reasonable limits. 




E36: Currents, Magnets and Forces 

If students seer- initially to be in 
trouble, a likely cause is that thev have 
set their magnets on the yoke in sucn a 
way tnat li<e. instead of unlike, soles 
are f acma. 



Groups 
sate for t 
current . 
component 
small comp 
pair of th 
(about 0.8 
300 10" * 
students w 
quick lv c 



A and B are not told to comoen- 
he earth's interaction with" 
This is because the vertical 
of the earth's field is very 
area with the field between' a 
e ceramic magnets supplied 
10" *, as compared to about 
eber/meter )— a fact which 
ho raise the question can very 
eck for themselves. 



The forces here are much greater than 
in Experiment 35, Currents and Forces. 
Students wno finish parts A and/or 3 
quickly could be encouraged to go on to 
C — quantitative measurement of the ver- 
tical componer ; of the earth's field. 

Part C is probably the most demanding 
of the current balance experiments and 
should be assigned to your more able 
students. The forces to be measured are 
small, and a calculation is required. 

Students measure (in terms of the 
weight, or number of centimeters of 
wire) the force needed to restore bal- 
ance with a current in the balance loop 
alone: no current in the fixed wires, 
and no other magnets nearby. They 
should work at maximum sensitivitv. Let 
them repeat the measurements for several 
values of I t . 

b 

Someone may raise the question: isn't 
the orientation of the loop, with respect 
to the earth's field, important? Stu- 
dents should be able to answer this from 
the previous demonstration. If there is 
time, let them try to detect an effect. 
(The point is th**- the interaction be- 
tween the ve rtical component of the 
earth's field and the horizontal current 
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will always give the same horizontal 
force, perpendicular to the current. 
The horizontal component of the earth's 
field will interact with the horizontal 
current (unless the two are parallel) 
to produce a vertical force. But the 
current balance doesn't respond to ver- 
tical forces. See also "Orientation of 
Current Balance Unimportant " in the 
equipment note printed in tr.e Equipment 
Section of this Teacher Guide.] 

Tney mus t convert the force from cms 
of wire into newtons, either r>y weighing 
the wire, or by looking up the mess per 
unit lenath of the tfire used (#30 cop- 
per: 0.45 arams/meter. One gram = 10" 4 
kg = 10"' ■ 9.8 newtons). Although stu- 
dents in Project Phycics have ^ot studied 
levers or torques, their experience with 
seesaws or their work in elementary 
science courses should enable them to 
see that the system in the figure will 
balance vwhen : 



of t .gnetic field. 

We define the magnetic field strength 
B, by F = Bit. B is therefore equal to 
p 

; it is the force, in newtons , on a 

conductor one meter long, carrying a 
current of one amp.* 

Group C measured the force on the loop 
due to the vertical component of the 
earth's magnetic field. To calculate 
B vert * n stanc *ard units they 
P 

must use B = -j— , (In Massachusetts 

B is about 0.7 ■ 10~ ' newton/amo 

vert 

meter. ) 

By comparing v-he two eq lations that 
were obtained in the two current balance 
experiments , 

F = k' and F = BI. . 

d 



Fa = Wat 



F= W^. 

a 



(From measurement they will probably 
find that a * = a - . ) 



^7 



w 



This is the force on the current. 
Students are asked to find the force on a 
wire one meter long when the current is 
one amp. This is the magnetic field (3) 
in MKSA units :• 

B = F/17 

.w ii 

a 



Conclusions 

Group A is expected to report that 
F * I . Group B should report that 
F * These two statements can be com- 

bined to give F 7 Ii. What other factors 
affect the force? Beth groups will real- 
ize that if they had used "stronger" mag- 
nets they would have found greater forces, 
for the same values of I and ?. So in 
this case we are not looking for a pro- 
portionality constant but for a factor 
tha 1 - describes or measures the strength 



We can see that the magnetic field at 
a distance d from a straight wire car- 

k!I 

rvmg a current I is 
Sample Results 

S36 Currents, Magnets and Forces 
A. F vs. I 

2 ceramic magnets on iron yoke 



A b 

2.1 

4.0 



40 cm #30 wire 
80 cm =30 wire 



F - I 

Measurement of i^rth's Field: 

Current in balance loop only. 

I, = 4.0 amp i = 30 cm (longest 

0 1 loop) 

F = 2 cm of *30 wire 

Wire has mass of 0.45 g/meter 

2 cm we.\gh 0.45 ' 0.02 = 0.009 g 
W = mg = 0.009 * 10"' * 9.8 newton 
= 8.8 v 10" £ newton 

Lever arm lengths are equal 



mks uni'cs 



F = 


W = 8 


.8 - 


F = 


BIf 




B = 


8.8 ' 


10' 


4 > 


0.3 




0. 73 


- 10 



( 0.73 gauss) 



*Note that 1 newton/amp meter 
1 weber/meter ? 10'' gauss 
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SAMPLE RESULTS FOR EXPERIMENT 36 

A . F vs. I 

single magnet; each hook is 2.5 cm 
#20 wire; sensitivity — minimum. 

Conclusion: F * I 



Wire has mass of 0.45 g/meter. 

./ . 2 cm weigh 0 .45 * 0 .0 2 = 0 .009 g 
W = mg = 0,009 x 10- < x 9.8 newton 
= 8.8 x io-5 newton 
Lever arm lengths are eoual. 

. • , F = W = 8.8 x 10-5 newton 
F = BIx 

1 . 8 x 1Q-5 



B 



^ x qj — mks units 

= 0.73 - 10~ t+ weber/sq meter 
(" 0 .73 gauss) . 



B. Made three magnets — each is a pair 
of ceramic magnets on an iron yoke. 

Used 2.5 cm long hooks of #20 copper 
wire as weights . 

3 amps in balance loop; no current 
in fixed coil. 

How does F depend on 

a) compare magnets, one at a time: 
#1, 2x2.5 cm #20 wire to balance 
#2, 2 x 2.5 cm 

#3, 2 x 2.5 cm 

b) two magnets: 

#1 and #2, 4 x 2.5 cm #20 wire to 
balance 

#1 and #3, 4 x 2.5 cm 

#2 and §3, 4 x 2.5 cm 

c) all three magnets together: 

#1 and #2 and #3, 6 x 2.5 cm #20 wire 
to balance. 

Conclusion: F varies linearly 
number of magnets interacting W3 «-h 
current. Since magnets are f?c from 
each other and all have the same strength 
F «= I . 

C, Effect of earth's field. 
Current in balance loop only. 
1^ = 4.C amp 

i = 30 cm (longest loop) 
F = 2 cm of #30 wire 



E37: Electron Beam Tube 

The most common cause of failure in 
this experiment is a poor vacuum pump. 
A carefully constructed tube used with 
a moderately good rotary vacuum pump 
(giving a pressure of 40 microns" of * mer- 
cury or less) , should give a fairly well- 
defined visible beam a few centimeters 
long which can easily be deflected m 
electric and magnetic fields.. 

Condensed vapors (e.g., water) in the 
pump oil cause lower pumping speeds, 
poorer ultimate vacuum,, and may lead to 
corrosion of tl:e pump. If your pump has 
not had adequate maintenance, change the 
oil. Then "run in" the new oil by'pump- 
ing on a closed system for a little while 

Since you will probably only have one 
"operating station' (vacuum pump, power 
supplies, etc.) students will have to 
test their tubes one at a time. The 
first group of students who get their 
tube to work could demonstrate it to the 
rest of the class, so that all students 
will get a chance to see at least one 
tube in operation. 

You might want to mention the cathode- 
ray tube and the television picture tube. 
The sensitive coating on the screen 
(inside) glows where it is struck by the 
electron beam. As the beam is moved, by 
electric or magnetic fields, the bright 
spot on the screen moves. A uniform 
field will be seen to be important again 
in the Millikan Experiment (E40) in Unit 
5. 

The assembly instructions should be 
self-explanatory; the only tool needed 
is a pair of wire cutters. Ix. usually 
takes a student 30-40 minutes to assemble 
his tube, you may find it possible to 
havo students do the assembly at home. 
But they should probably bring their 
assembled tubes to school before sealing 
them; it is important that the tube be 
undisturbed while the sealant is drying. 
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A spare filament is provided in each 
kit; if the filament does burn out, the 
tube can be remade, usinq the spare. It 
is also possible, using one of the spare 
leads, to mount two filaments in one 
tube (Fig. 1). Then if one filament 
burns out,, the t \be does not need to be 
taken apart to moant another. 
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Electric field points 
towards neaative plate 
(direction of force on 
positive test charge) . 
Beam is deflected in 
opposite direction 
(towards + plate) , so 
its charge is -. 



Fig. 1 

But if this is attempted, one must be very 
careful about the alignment of the fila- 
ments with the hole in the anode cap.^ 



Magnetic deflection 

Use the two magnets and yoke from the 
current balance kit to provide a (fairly 
uniform) maanetic field. The electron 
beam is bent into a more or less circular 
arc, in a plane perpendicular to the mag- 
netic field. The force on tne movina 
particles is perpendicular to their direc- 
tion of motion and to the field. Reverse 
the field — what happens to the force on 
the particles? 

Electric and magnetic fields must be 
perpendicular to each other for the two 
effects to cancel. 



If you need more support tubes, get 
very thin aluminum tubing, obtainable at 
hobby shops. 

If you do not get a visible glow, do 
not be shy of increasing the filament 
current to 5 amps or more: a burnt-out 
filament is no worse than a tube that does 
not function for some other reason.. A 
skewed beam is probably caused by poor 
alignment of the filament and anode hole. 

After about 10 minutes or more of opera- 
tion, the beam may become less intense; 
apparently the coating on the filament 
deteriorates 

Electrostatic deflection 

With anode plate and deflecting plate 
at the same potential, i.e., with deflect- 
ing plate and anode connected to the same 
battery terminal, the beam should be 
equidistant from both plates. (If it is 
not, this is almost certainly because the 
filament and anode hole are not lined up 
properly, giving a skewed beam.) Try the 
effect of changing the potential of the 
deflecting plate — say 50 volts above or 
below anode potential. Do this at various 
anode potentials; the lower the anode poten- 
tial, the slower the electrons in the beam, 
and the easier they are to deflect. 

If batteries are used to supply the 
anode and deflecting potentials, they 
should be big ones — such as Burgess No. 
2308 45-volt "B" batteries. Alternatively 
use the Linco Power Supply (7100) or 
Macalaster (MSC 2105) . Always include 
rheostat and ammecer in filament circuit. 



E38*: Waves, Modulation, Communication 

Introduction 

This "experiment" has been designed 
differently from the others in the course. 
It is really a series of demonstrations 
using turntable oscillators, tuned cir- 
cuits and microwave equipment, to be 
followed by student experimentation with 
the same equipment. It should tie to- 
gether much of the material on waves and 
electromagnetism in Units 3 and 4, and 
indicate its relevance to communications . 

The student notes do not give much 
detailed instruction about the operation 
of the equipmer*:; it is assumed that they 
are fairly familiar with it from the 
demonstrations . 

You may not have time to do all these 
demonstrations in class, as part of this 
experiment. In any case students may 
want to repeat some of the demonstrations 
for themselves before going on to the new 
investigation described in their notes. 

A. TURNTABLE OSCILLATORS 

Waves are generated by an oscillator: 
ripple-tank waves by an oscillating object 
at the surface; sound waves by an oscillat- 
ing diaphragm, string, or air column; 
radio waves by oscillating electric charge, 
etc. The back-and-f orth motion of the 
pen attached to a turntable oscillator 
provides a simple way of seeing how the 
oscillation is related to the wave. 
(And incidentally is also an illustration 
of the relationships between circular 
motion and simple harmonic motion and 
sinusodial waves.) As a wave passes a 
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point in space some quantity — height of 
water, pressure of air, electric field,, 
etc._-at that point varies with time. On 
the turntable oscillators the variation 
of the pen's position with time is re- 
corded by a paper chart moving under it 
at uniform speed. As well as a record 
of the variation with time of the dis- 
turbance at a given point the trace is 
also a "snapshot" of the wave at a parti- 
cular instant which shows how amplitude 
varies with position. 



The simplest way of using a wave phe- 
nomenon to communicate is just to turn 
the signal on and off according to some 
prearranged code. A buzzer or light beam 
can be turned on and off to give a series 
of long and short "dots and dashes" as in 
Morse code. Turning the signal abruptly 
on and off is a primitive form of ampli- 
tude modulation. A more sophisticated 
form of amplitude modulation m which the 
strength of the signal is varied continu- 
ously makes it possible to convey more 
information. 

The amplitude ("strength") of the sia- 
nal made by the turntable oscillator 
depends on the distance of the vertical 
post from the center of the turntable. 
It is possible, though not easy, to chanae 
its position, and thus produce amplitude^ 
modulation while the oscillator is work- 
ing. Set the turntable to its lowest 
speed (16 rpm) . You won't be able to 
make a very neat trace this way, but it 
will give an idea of what an amplitude- 
modulated wave looks l^Ve. 



Temonstration of amplitude modulation 

Set up a pair of turntable oscillators 
so that the pen attached to oscillator A 
writes on the strip-chart recorder ("drag- 
strip") mounted on oscillator B (Fig. 1) . 




Fig. 2 Hand produced "amplitude modu lat ion . " 



Fig. 1 Tvo p-. illators, A, writing on recorder 
counted on B. 

Turn on oscillator A, and if necessary 
adjust the equipment so that the P e._ stays 
on the paper. Now turn on the chart re- 
corder to aet a record of the pen's posi- 
tion as a function of time. Slow the 
effect of changing the frequency of the 
oscillator by changing the turntable 
speed. 

Demonstrate oscillations of iifferent 
amplitude by changinq the position of the 
vertical post on the turntable. 



The same effect can be produced by 
adding together the output of two oscil- 
lators. (The demonstration of beats was 
probably done in Unit 3; for details see 
Teacher Guide p. 98, D46 . ) Both oscilla- 
tors are switched on and are oscillating 
at slightly di f ferent frequencies The 
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resulting trace will be an amplitude- 
modulated sine curve.* 




Fig., 3 Amplitude modulated sine curve. 



*Beats and amplitude modulation are mathe- 
matically equivalent: beats are the result 
of the addition of two sinusoidal waves. 

A = hi + A 2 = cos 2*r f } t + cos 2n f 2 t (1) 

= 2 cos 2rLi " f ? t cos 2 tt fl t f ? t 
2 2 

If the two frequencies f^ and f ? are 
nearly equal the difference | f x - f ? ) 
will be small. The beat frequency is 

I f] - fj j 
I 2 I 

In amplitude modulation the amplitude 
of a high frequency oscillation (cos 2^^, 

the "carrier") is varied at a much lower 
rate (signal frequency) . In the simplest 
case the signal is also sinusoidal (cos 
2tt fgt) , and so the result is: 

A = cos 2;rf t cos 2if t (2) 
s c 

Equations (1) and (2) have the same form: 
the carrier frequency f is analagous to 

the mean frequency 

fj j f 2 
2 

and the signal frequency f to the beat 
frequency 

[ fi : u ! 

I 2 r 

(Before attempting this demonstration 
turn both turntables by hand to make sure 
that the pen will not leave the recording 
paper when the amplitude of the resultant 
trace reaches its maximum value.) 

You can vary the frequency of the modu- 
lation by changing slightly the frequency 
difference between the two oscillators^ 
This is most easily done by reducing 
slightly the voltage to one with a "Var- 
lac" or "Po.;°rstat" in the line, or by 
loading down oi»^ of the olatorms. 



No t all wav es are s inusoida l 

Althouqh simple harmonic oscillators 
and sinusoidal waves are rather common 
they are by no means the only ones pos- 
sible. You can use an oscilloscope to 
demonstrate that the sound waves produced 
by different musical instruments playing 
the same note can have quite widely dif- 
ferent shapes (see Teacher Guide for 
Unit I, page 119) But any complex wave 
form can be produced by adding simple 
sinusoidal waves (Fourier synthesis) . 
This can be demonstrated with the turn- 
table oscillators. Turn both on, but at 
different frequencies; say one at 16 rpm 
and the other at 45, or 33 rpm and 78, 
etc. The amplitudes can be varied as 
well as the frequencies of the two oscil- 
lations. The resulting trace will be a 
complex but regular pattern that repeats 
itself periodically. 

One particularly interesting case is 
the "square wave." The sinusoidal com- 
ponents that combine to form a square wave 
are 

sin wt + j sin 3ut + ^ sin 5wt + 

The first two terms can be added using 
a pair of turntable oscillators. Some 
care is needed to get the frequency ratio 
1:3,, the amplitude ratio of 1:1/3, and 
the two in phase (Fig. 4)'.^ 



Fig. 4 sin x + J sin 3 * 

Relevance to communication 

The connection between amplitude modu- 
lation and communication will become more 
apparent in the next two demonstrations. 
To anticipate a little, it is briefly 
this: a radio station emits high fre- 
quency electromagnetic radiation at some 
particular frequency, say 1000 kilocycles 
per second. The electrical circuits at 
the station maintain a steady oscillation 
at this frequency. (Different station, 
different frequencies, of course.) 

Someone in the studio plays or sings a 
note, say middle C, into a microphone. 
The characteristic pressure fluctuations 
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caused by his voice (in this case at 256 
cycles per second) are transformed into 
electrical signals at the same frequency 
which vary the amplitude of the 1000 kc/ 
sec oscillation. So a 1000 kc/sec oscil- 
lation modulated at 256 cycles/sec is 
transmitted. 

At the receiver (tuned to pick up 
oscillations at 1000 kc/sec) the process 
is reversed and the 256 cycle per second 
signal is recovered, fed into a loud- 
speaker which sets up pressure fluctua- 
tions at 256 cycles per second, which we 
hear as middle C.< 

B. TUNED CIRCUITS 




Fig. 5 



With two circuits each consisting of 
a coil (about 5 * 10" 1 * henrie) and a 
variable capacitor (10 x 10" 12 to 365 * 
10" 12 farad) you can demonstrate many 
of the phenomena related to "wireless" 
communication.. Use the Fahnstock clips 
to disconnect any part of the circuit 
not needed in a particular demonstration 
(e.g., take the capacitor out of the cir- 
cuit for the first two demonstrations) . 

!• Changing Magnetic Field Produces 
Electric Field 

a) Connect one coil directly across 
oscilloscope.: Set the oscilloscope gain 
to maximum.. Move a magnet in and out of 
the coil. : The oscilloscope beam shows a 
deflection only when the magnet is moving, 
and the faster the movement the greater 
the deflection. Almost any magnet will 
do, but if you use a powerful one, keep 
it far enough from the scope to prevent 
it from affecting the beam directly.: 



r 
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Fig. 6 
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tead of the oscilloscope you can of 

use a galvanometer to' show the 
d current,, or the Proiect Physics 
ler and projection nu roammeter. 

Use the second coil to produce 
gnetic field: the oscilloscope beam 
s undeflected for either no current 
ady current in the left-hand C ir- 
i.e,, steady magnetic field. 3ut 
magnetic field changes owing to 
or "break" of the left-hand cir- 
a current is induced in the right- 
lrcuit, and the oscilloscope beam 
lected.> Try to open and close the 
and circuit as cleanly as possible- 
scrape the saw blade in this demon- 
on . 




You may wish to explore the effects of 
changing the position of one of the coils, 
adding iron cores, screens of various 
materials between the two coils, etc., on 
the voltage induced in the right-hand 
circuit (as shown on the oscilloscope) 
when the left-hand circuit is opened and 
closed. 

2 - Resonance in Electrical Circuits 
Connect the circuit as shown: 
A f\ 1 1\ i *\ Q 



NE2 



Fig. 8 

when contact is broken in the left-hand 
circuit, oscillations are set up. (A 
simple exposition of the oscillatory flow 
of charge in an LC circuit is given in 
many texts*; the usual mechanical anal- 
ogies — mass-on-spring, pendulum, etc. 

are helpful.) Because of resistive and 
radiative loss of energy the oscillations 
die away quite quickly, and so it 1S neces- 
sary to make and break contact repeatedly 
by scraping the contact wire on the saw 
blade. 

If the coil or the second circuit is 





*e.g., PSSC, Chapter 31; Dull, Metcalfe 
and Williams, Chapter 25;, Lehrman and 
Swartz, Cnapter 16; Sears, Zemansky, 
Chapter 36, 
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placed close to the first coil — axes 
aligned as shown m the diagram — the 
oscillating magnetic field of the first 
will induce an oscillating current in 
the second. But only if the natural 
frequencies of the two circuits (each 



given by f 



2tt/lC 



) are the same will 



large oscillations build up in the second 
one. Set the capacitor in the first 
circuit ("transmitter") to a particular 
capacitance Cj.. Vary the capacitance C2 

of the capacitor in the second ("receiver") 
circuit while scraping the contact wire. 
When Ci = C 2 , electrical oscillations 

build up in the "receiving" circuit and 
the neon bulb glows. The demonstration 
probably won't work if you touch the 
bare part of the copper scraper wire — 
pick it up by the insulated part only. 

The neon bulb requires about 70 volts 
to make it glow, and yet it can glow with 
only a 1*$ volt battery in the "transmit- 
ting" circuit. This is because the elec- 
tric field induced depends on the rate of 
change of magnetic fields In this case 
the voltage induced in che "receiver" 
depends on the rate of change of current 
in the "transmitting" circuit. 

Some mention of other resonant systems 
should be made — e.g., a child on a swing, 
driven pendulums, etc.; (analogous to our 
"receiver" circuit) can only build up 
big oscillations if energy is fed to them 
at their own natural frequency. 

The values of L and C are chosen so 
that the frequency range of these oscil- 
lations is in the broadcast range (550 
to 1500 kilocycles) . This can be shown 
by picking up the signal from the "trans- 
mitting" oscillator on a regular or 
transistor radio set. A radio has a 
freauency sensitive circuit which is 
tuned in just the same way as our primi- 
tive "receiving circuit.," Turn on the 
radio and tune it to some frequency near 
the low frequency end, and where no 
broadcasting station is picked up. The 
radio should be several meters from the 
"transmitter," volume control turned up. 
Scrape the "transmitter" contact and 
vary the capacitor until a loud scraping 
sound is heard in the radio. The electri- 
cal energy of the oscillations in the 
demonstration "receiving" circuit caused 
the neon bulb to glow: in the radio some 
of the energy is used to control the 
ci rcuits responsible for audible sound. 
With the radio tuned to a different fre- 
quency, another setting of the variable 
capacitor in the "transmitter" is required. 
Or set the "transmitter 11 and tune the 
radio to the "transmitter" frequency. 
Because our primitive LC circu't has a 
fairly wide resonance maximum (low Q) , 



some noise will be heard even if the 
radio or "transmitter" is somewhat 
"mistuned. " 

3 * Further Investigation of the Oscilla - 
tions in a Resonant Circui t 

The oscillations themselves can be 
demonstrated as follows: 



Instead of scraping to 
make-and-break contact, us 
generator (audio oscillati 
"square wave," to provide 
of regular pulses.* First 
signal generator directly 
loscope and show the wave 

Now connect the signal 
the coil and capacitor of 
ting" circuit. Connect os 
across coil and capacitor 
electrical oscillations in 



provide repeated 
e a signal 
or) , set to 
a succession 
connect the 
to an oscil- 
form it produces. 

generator across 
the "transmit- 
cilloscope 
to show the 
this circuit. 




Z5kc/S 
SQUARE WAVE 



*The old (1967-68) Project Physics 
amplifier can be used as a square-wave 
generator in either of two ways : 

a) Connect a capacitor 
between the input and output terminals of 
the amplifier (note that the oscillator 
plug-in unit is not used) . 




JUL 



The frequency of the square-wave signal 
appearing between the output terminals 
depends on the capacitance in the feed- 
back line and to some extent on the set- 
ting of the gain control. With a capi- 
tance of 0.0001 pf the square-wave fre- 
quency can be adjusted between about 65 
kc/sec (gain setting zero) , and 23 kc/ 
sec (gain 100). For 25 kc/sec set the 
gain control to about 50. 

Connect to the LC circuit via a 10K 
resistor. 



(Footnote continued on next page.) 
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25 kc/s /oo kc/S 

SQUARE WAVE SWEEP 

Fig. 10 

Notice how the oscillations decay 
while the voltage supplied by the square- 
wave generator is steady and are reestab- 
lished every time the voltage changes 
sharply. 

Now bring the "receiving" circuit 
near, transfer the oscilloscope leads 
to it, and tune the circuit to resonance. 
(Note that by connecting the signal 
generator to one circuit and the oscillo- 
scope to the other, we have added dif- 
ferent impedances to each. This is why 
the same capacitor settings in each 
circuit may no longer necessarily give 
the same tuning as before.) 



AUDIO o- 

osc 

o 
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HIGH C 
ABOUT 0 5XI0 W C/S 



Fig. 11 



LOW C 
ABOUT JX|0*C/S 



*Footnote continued 

b) Connect the oscillator plug-in unit 
and set the gain to 100. The amplifier 
output is a clipped sine wave, which is 
a good approximation to a square wave. 
Adjust the frequency m the usual way 
with the oscillator unit. 

Connect to the LC circuit via a 15K 
resistor, 




Electrical oscillations are observed 
in the second circuit. As the resonant 
frequency is changed (i.e., both capaci- 
tors varied) the number of oscillations 
in the resonant circuit per period 0 f 
the square-wave signal will vary. 

4 . Damping 

Add a 0 to 1 K variable resistor to 
the receiver circuit; as the resistance 
is increased, the oscillations decay 
more rapidly. 




Fig. 12 
5 



tow R 
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Use of Tuned LC Circuit as Radio 
Re ce i ve r 

We showed in one of the earlier demon- 
strations in this sequence that the 
signal generate-; by the transmitting 
circuit can be packed up by a radio. 
In this demonst- a L ion we do the reverse: 
we use the LC circuit to p'ck up the 
signal broadcast by a local radio trans- 
mitter. 

Connect an antenna (a long piece of 
hookup wire, preferably ir.sulated, out- 
side the building) to the circuit. Con- 
nect the receiver in series with the 
diode (rectifier) to the input of the 
amplifier, and connect a loudspeaker to 
the amplifier output. Grounding the 
circuit will probably help. Vary the 
capacitor setting to tune the circuit 
to the frequency of a local transmitter* 
If you are near a powerful station and/or 
have a long enough antenna, you can dis- 
pense with the amplifier and use earphones. 



w 





AMP = 








=< 



set gain to maximum and dc offset to zero. 



Fig. 13 



You can use the oscilloscope to show 
the function of the diode. Connect the 
oscilloscope directly across the capaci- 
tor (no diode) to see the radio frequency 
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Fig. 14 



carrier wave. Now add the diode in 
series and reduce the sweep rate to 
see the audio frequency signal: 



w 



AMP 




5oc cycle /set 
Sweep 1 



Fig, 15 



For a very effective demonstration let 
students "see" the signal in this way 
while they are listening to it on a 
xoudspeaker . 

The diode in this circuit performs 
just the same function as the diode in 
the microwave probe. You can bring out 
this point by substituting the microwave 
diode in the LC circuit for the one pro- 
vided. (But note that you cannot do the 
reverse — the diode from the LC circuit 
will not rectify at microwave frequencies. 

We have seen that the "transmitting" 
LC circuit can broadcast noise that is 
picked up on a transistor radio, and that 
the "receiving circuit" can pick up local 
radio broadcasts. As a final step we 
ought to be able to transmit a "signal" 
from one of our circuits to the other. 
The setup below should do it: 




The two coils must be quite close to each 
otnor. Vary the frequency settmq of the 
audio oscillation (in the 300 -5,000 c;os 
ranqe) and listen to the tone change i n 
the loudspeaker . Investigate the of foot s 
of separating the two coils, placing a 
metal sheet between them, etc. 

Evidently our "transmitter" is a pretty 
weak one, for the receiver must be very 
close to it to pick up the "broadcast." 
In fact this is really a demonstration of 
induction rather than radiation. 

Instead of using the audio oscillator 
to provide the signal, try a microphone 
and amplifier* 













Amp • — 













"fr "trans- 
mitter 



Fig. 17 



(?or this demonstration reduce the value 
of rj or remove the resistor altogether.) 

C. MICROWAVES* 

With a microwave oscillator and detec- 
tor one can demonstrate all the properties 
of electromagnetic radiation, often more 
easily than with light because of the 
longer wavelength of the microwaves. 
Demonstration D52 on p . 51 covers reflec- 
tion , transmission, refraction , standing 
waves, diffraction,, interference and 
polarization . 

Modulation and communication with micro - 
waves 

The older (pre-1968) microwave units 
use line frequency ac to supply the plate 
voltage. This means that the microwave 
signal is modulated at 60 cycles per 
second. This can be shown by connecting 
the diode detector to an oscilloscope or 
by connecting the detector to an ampli- 
fier and the amplifier output to a loud- 
speaker. The oscilloscope will show a 
half-wave 60-cycle signal, the loud- 
speaker will oscillate at 60 cps : 




Fig. 18(a) 



3oo cycle /sec 
Sweep 



Fig. 16 



*See equipment note on p. 81. 
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KlK 18(b) 



Be sure that students realize that 
this 60-cycle signal is the modulatio n 
frequency, not the carrier frequency. 
Show soire beat patterns produced by the 
turntable oscillators to remind them of 
the difference between carrier and signal 
frequency. For microwaves the carrier 
frequency is 



3 x 10 l) 



3 x 10" 



10 



) o 



cps 



This frequency is unfortunately much 
too high to be displayed on a CRO. 

On the newer microwave units the modu- 
lation frequency can be varied. (See 
equipment note p. 81.) 



With the setup shown in Fig. 19 students 
can see the rectified, modulated siqnal 
on the oscilloscope, and hear it on the 
loudspeaker as the setting of the oscil- 
lators is varied in the audible range. 

It is also possible to replace the 
oscillator with a microphone (or even a 
45-ohm speaker) and use the amplified 
signal from the microphone to modulate 
themicrowaves. This demonstration of 
radic is most effective if you use the 
setup shown below that avoids leads from 
the detector back to the source. 



1^ I am»m»m:< I 
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Fig. 20 
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Fig. 19 
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Current Balance 

Parts 1 ist_ 

Each current balance package should 
contain : 

1 vertical pegboard with fixed coils 

1 balance beam with short vertical 
rod and lonq horizontal pointer 

4 (magnesium) loops (approx . 30 lv> , 
8, 4 cm) 

1 "counterweight cylinder" 

2 sensitivity clips 

1 zero-mark indicator 

#30 copper wire 

1 iron yoke 

4 ceramic magnets 

Accessories 

Ring stand and clamp 
Pressure-sensitive centimeter tape 

Assembly 

Assembly of the current balance should 
be clear from the instructions that accom- 
pany it. 




Design 

This c.irrent balan^^ measures the 
force between two straight, parallel, 
horizontal currents, or between one 
horizontal current and a vertical mag- 
netic field. 



One of the conductors is a fixed rec- 
ta nqular coil mounted on a peq board franc 
and. set vertically. In fact there are 
two fixed coils on this frame. One con- 
sists of a single blue wire, the other 
is a ten- turn coil of copper maanet wire. 
For most demonstrations the ten-turn coil 
xs used, effectively increasinq tne cur- 
rent in the fixed coil by a factor of ten. 
The current in the fixed coil will be 
referred to as 1^.. 

A balance rests on the frame and con- 
sists of a pointer (with notch) , counter- 
weight cylinder, sensitivity adjustment 
clip,, and four in terchanqable 1 1 or 

' — — I shaped magnesium wires. These 

will be referred to as loops. The cur- 
rent to the balance loop (1^) passes 

through the knife edges. The knife edqes 
and the plates on which they rest arc 
si lver-pla ted . 

The loops are very light, being made 
of a magnesium alloy. Students may re- 
member some exciting experiments with 
magnesium foil or powder from their 
chemistry classes, and although the 
loops are actually quite difficult to 
ignite, the students' notes make no 
mention of magnesium. This alloy is 
quite brittle: once bent,, it is almost 
impossible to change or adjust the bend 
without breaking it. 

A horizontal force on the balance loop 
makes it swing out of the vertical. A 
vertical force has no result except to 
increase or decrease the effective weight 
of the loop. 

The horizontal part of the balance 
loop is parallel to the top edge of the 
fixed wires and must lie in the same 
horizontal plane. With current in both 
loops, the thrust on the balance loop is 
then horizontal. If it is a repulsion 
force, it can be balanced by hanging 
weights over the notch on the pointer. 
(If the balance swings the wrong way, 
i.e., if there is an attractive force, 
one must reverse the direction of one of 
the currents, of course.) This null 
method is used for all measurements (as 
in E34, Electric Forces II— Coulomb's Law). 

The fact that the loop responds to 
horizontal forces only is important in 
the design and operation of the current 
balance. The magnetic field due to the 
current in a straight wire varies inverse- 
ly with distance from the wire 

(B = i, not i. ) . The fiold at the loop 

due to the current in the bottom wire(s* 
of the fixed coil is therefore not negli- 
gibly small. But because the loop is 
almost directly above the bottom wires, 
the force between them will also be in a 



79 



Equipment Notes 
Current Balance 



nearly vertical direction. The hori /c: tal 
component of t h 1 s force, which 1 s - TlT ™he " 
loop responds to , is therefore small. If 
the top wire is 3 cm and tnc bottom uire 
30 cm away from the loop, the total force 
due to the current in the bottom wire (F ) 
will be 1/10 the force due to the cur- 
rent in the top wire (F,J . But the hp_Li- 
z onta! componen t of F R will be about 

11)0 ' r T" 



* n.-t^h. y^. r^v hav* to tr.i 
in<Ux rr,ai-v (a; shewr in sk<te\). The 
iridic ltor should be clarr;< . ^. i nnq 
stand (ur- of a test-tube clam:^ mas. it 
possible to slide the indicator easily 
for close final arnustmcnts) . The nointo: 
on the balance should be inside the" notch 
of the indicator to prevent wide oscilla- 
tions in the ha lance.. 



Measurement of distance between conductors 



The weights 

As in the Coulomb's law experiment, 
students make their own set of weights 
by cutting lengths of wire. Number 30 
copper cut into lengths of 1 cm, 2 cm, 
5 cm and 10 cm will give a suitable range. 
Students will need several of each length. 

The sen sitivity 

Move the clip up the vertical rod to 
increase sensitivity. This raise* the 
center of gravity. You wj 1 i probably 
need to ad/ a secon clip to get maximum 
sensitivity (for instance to demonstrate 
and measure the effect of the earth's 
fieid on the current) . But if the center 
of gravity is too high the balance is 
unstable and flops to either side. When 
the loops are changed, the center of mass 
of the balance system is moved, and it 
will be necessary to adjust the sensitivity 
clip. 

Proper adjustment results in a slow 
oscillation (period of 3 to 5 seconds) 
about the zero, or balance, position. 
When set in this way, the balance should 
respond measurably to a "weight" of 0.5 
cm of #30 copper wire at the notch in the 
pointer arm. 

Zero adjustment 

Use the counterweight cylinder on the 
short horizontal arm to set the loop 
vertical, the pointer arm horizontal. 

The zero position of the pointer is 
important, since the null method requires 
that the balance be returned to this same 
zero. A small indicator is provided. It 



In some of the experiments it is ne- 
cessary to measure the distance between 
the loop and the fixed coil. The student 
notes explain how to eliminate parallax 
when making this measurement by using a 
m.rror and scale (centimeter tape stuck 
onto mirror surface) . 

Effect of t he earth ' s magnet ic field 

The balan^ responds to horizontal 
forces on the loop. Since the earth's 
magnetic field generally has a vertical 
component, it will exert a measurable 
horizontal force on the balance when 
the re is a current in the loop . Th i s 
force cannot be eliminated by reorientinq 
the system. 

The force due to the earth's field is 
small, but it is possible for students 
to measure it (Group C of Experiment 36) .. 
In fact, the value obtained for the verti- 
cal component of earth's field can be used 
in a later lec ture-expariment for z. q /m 
determination. ° 

As long as the current in the balance 
loop remains constant, the effect on it 
of the earth's magnetic field will be 
constant and can be easily compensated. 
Th-3 simplest technique is just to set the 
zero mark to tae position of the pointer 
when there is current in the balance loop, 
but none in the fixed coil. Of course, 
if the current in the balance loop is 
changed, or if the balance is moved, the 
zero mark must be reset. Tnis is what 
students are instructed to do in Experi- 
ments 35 and 36.* 



*There are at least two other possible 
ways to compensate: 

a) A small ceramic magnet can be moved 
near the balance loop. if located care- 
footnote continued on next page.) 
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Orientat ion o f_ the _c u r r e nt_ bal a nee unim - 
portant ~ _ ~ ~~ 

For any orientation (N-S , E-W) of the 
balance ,, the vertical component of the 
earth's fie)d will give rise to r. hori - 
zontal forces (perpendicular to the di- 
rection~~oT"the current) . 

The horizo ntal component of the earth's 
field will interact with the vertical 
currents in the sides of the loop "an"~ 
give rise to horizontal forces . But si: co 
the currents are oppositely directed (up 
and down) the forces will be oppositely 
directed too. In particular if the bal- 
ance is set up along an E-W line these 
forces will be "in" or "out": 




If the balance is set up along a N-S line 
the two forces will form a torque tending 
to twist the loop, but there will still be 
no net horizontal force. 



(footnote continued) 

fully, the force due to its field will 
just neutralize that due to the earth's. 
Once located, this compensating magnet 
must not be moved. And any changes in I. 
will require a readjustment of the com- 
pen5at\ng magnet, of course. Imbalance 
between the earth's and the ceramic magnet's 
fields can be quickly noted. Flick I. 
on and off a few rimes fairly rapidly 
(about 5 seconds apart for a balance whose 
period of oscillation is 5 seconds) . if 
oscillation builds up in the pointer, re- 
adjust the position of the ceramic magnet. 

b) Alorgside the fixed wires of the 
current balance is one single wire — blue. 
A "countercurrent" in this wire can be 
made to valance the earth's effect on I.. 
To set thxS current requires a power 
supply, ammeter, and either a rheostat or 
a variac. The blue wire is connected, and 
the direction of the required current found. 
Adjust this countercurrent until the pointer 
is pulled back to iJ-s zero position. in a 
prototype balance, with I. = 2 . 0 amps, it 
was found that a countercurrent of 5.5 amps 
was needed when the two loops were 1.0 cm 
apart.. Any changes in I,, or distance 
between the blue wire ana the loop, will 
require a change in the countercurrent, 
of course. 
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Microwave Apparatus 

The ricrovavo etruiprer.t Jli 1: 20s a 
reflex ». lvstron which when operated ir. its 
r^ro::cr -v^des will »:enerato electrorw-netic 
radiation in the ncrouwe banc: of 
;ro:u<ncies. The kit includes a tube 
and integral cavity, an antenna norn, a 
ncrowave diode, reflectors, polarizma 
screen and double slit adapter. 



Fig. 




r-:i'- 



r -:ave Kit 



T:.e oscillator tube >'s a tyre r X 1 C 
electrically tunable reflex k ]yst r r. . 
The tube is pour, ted on its tuned wave- 
guide .nd has a horn for better ra^ia::cr.. 
The unit is designed t^ operate fr r the 
DAW" ""'ar 1 ' VII'" rover sur>piy and der:vos 
cili of its necessary po'..er fre^ tms ur.it. 
So - era! ncrowave oscillators car be 
operated fron the power supplv sirulta- 
neous lv . 




•ig. 



The detector is a silicon diode the lead^ 
of which have been cut to fc;r a 1/2 
wave antenna. The diode is supplied 
counted at the end of a phenolic tubr- m 
order to form a convenient probe. 



GRAY' 
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cra 4 -^ the -icrowave oscillator, 
t-.e connections to the power supply 
.own ir. Figure 3. Turn the power 
[\ or ^nd '-ait a few rinutes for the 
v " - j-, . . ^e the diode and a 
-*-tei as a detector, as shown 
■j re 4. rioid the diode vertical in 
; ~~ t hcrr -—I while m *.m 
;i'~ i.,t the repeller voltage 
'oi t' *)tair. r» rrxi^ur r.e or do - 



J 
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if the rotor crocs cff -scale , rove the 
diode farther awav from the horn. 

The "^icroA-ave is polarized with the 
electric vector vertical (parallel "o 
the short ec:«e of the cavity). The 
cavity h*ss beep, tuned bv the nanuf act are r. 
The detector "*ust be correct Jy oriented 
with the antenna leads para Hoi to the 
electric voct^r, :.e. , vertical. The 
sic;nal docr^aso . m strencrth as the 
antenna is rotated. *'*ith the antenna 
horizontal, the si t.i'.I s t r^n :t~. is almost 
zero. 

Modulation of Micr owave O sci llat io n 

On elder (ore-1968) node Is. the micro- 
wave oscillation is nodulated at line 
freer uencv (60 crs) . On the .ne;% models, 
the 6 0- cycle intornal modulation has 
been minimized , resulting m a relativelv 



cure carrier vavo. 



Tne 



icrowave 



radiation nay, therefore, reram un- 
modulated or be externally nodulated at 
anv chosen frequency. A modulation input 
< *' n D I*IPUT) terminal has been provided 
on the microwave unit for this ouroose. 



< 



Alto mat l vo 1 t :% s o an amp 1 : f i e r nr. J 
loudspeaker as c>.*cribod below. 

Readout Devi ces 

It the ni c r ow a : adi a tion is un- 
modulated, you rust v.s^ a dc rotor (or 
cc oscilloscope) as readout device; if 
it is nod ulated , a n v o f t h o foil ov.* i n c 
can be used. 

a) v etor - * ." -ott-r is sensitive 

er.ouch if the detector is not tc^ far 
frcr the source. It can used for 
both nodulated and unmodulated radiation 
and one can rake quantitative re asu ro- 
ne nts 

o) Oscilloscope.. (Unless you have a 
dc 'scope, you can use this for nodulated 
radiation cr.ly.) Connect the detector 
between the vertical input of the 
oscilloscope and c round. Set the 
horizontal sweep to 5 to 10 tines the 
modulation frequency. The rectified 
envelope of the roduiated microwave 
envelope is clearly visible or the 
screen. Quantitative or semi-quan- 
titative measurements may be m.ace fror 
the screen, depending on the sensitively 
and calibration of the oscilloscope. 

c) Amplifier and Loudspeaker. (Can be 
used with microwave radiation that is 
modulated in the audio range only.) The 
position of the nodes m a ricrowave 
interference pattern can be measured by 
listening for the nulls as you probe 
the field. For this experiment refer to 
page 78 and replace scone with ? loud- 
soeaker, 



To -odulate the microwave radiation, 
applv an audio- frequency signal to the 
:'.OD INPUT jack. This signal should have 
about 1 volt peak- to- peak voltage: the 
output of a Project Physics oscillatcr- 
unit is ideal. If higher gain is re- 
quired, use the amplifier with the 
oscilloscope as shown in Figure 19 on p. 78. 
The detector nay oe connected directly 
to an oscilloscope so that students can 
see the demodulated signal. 



Troubleshooting the microwave equipment 

1) Check all connections; refer to 
Figure 3. 

2) Check that tube is warn. 

3) Using mi croaremeter and a redveed 
spacing (e.g., 10 cm) between horn 
and detector, adjust repeller voltage 
to maximize the detected signal (if 
any) . 

4) Try another diode detector, if one 
is available.. 
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PHYSICS 

The Electromagnetic 
Spectrum 

ALBERT F. EISS. Associate Execu- 
tive Secretary. National Science 
Teachers Association. Wasnington. 

An undcrstandme ot the electro- 
magnetic spectrum »s Kv.om.ng ir. 
cre.iMiich important ■ 11 s^uikc hi 
addition to i!k ph\\n.al eniKepiN re- 
lated to I requeu*. v and wavJmgth of 
"Uwh the waves arc partuularlv 

import. nit in the genera! fields t»t Com- 
mumc.ilion and .ire Ir.'queptl} dis- 
cussed in suencc cL^scs Probablv 
c\cr\oiic khow\ i»t their use in radio. 
te!e\ 'sii»n. and optks Not as well 
known, however, is the fact that we 
obtain almost a!! our information 
about the sun and our universe from 
such wa\es. smiiiar!\ at the other 
dimension, we obtain troin them much 
of our knowledge of bacteria and e\en 
of the aton: itself. 

Such <>om muiiK.it ion 's not without 
in problems I Ims. ,t !% frequent!) 
said that the rudiu bands ,trc oxer- 
crowded, and evcrv one has sometimes 
heard two stations at 0"*e radio setting 
He max have wu»\lered vhv these 
couldn't have been kept apart \ stu- 
dent max ex en have heard it said tha' 
jf onlv we could use the wavelengths 
m the visible spectrum, we wouldn't 
have tins trouble In fact, a student 
mav have read that lasers, which op- 
erate m the visible light spectrum, offer 
some hope for extension of communi- 
cation in the tuture At laser frequen- 
cies thee arc mam possibility which 
are as \et u.icxplorcd I .>r example. 
NASA is consider me usini a CO_ laser 



transmitter on a Mars probe With an 
output ol sou watts. muIi a laser trans- 
miliar is pnvvtrful enough to send 
mess.tiYv troin Mars to- l : arth ' I here 
's tar wider t requeue) range available 
with last's than there is with present 
eomnu.nuation bands - 

A little studv i f the electromagnetic 
spectrum max Ik'p the student evalu- 
ate these si, 'n.nts as well as show 
hi;:) something about the use ot ex- 
ponentials Possible I requeue v ranees 
.ire inn apparent from a eursorv look 
at the usual diagram of the electro- 
magnetic sp ■•rum In fact, the com- 
plete diagram of the electromagnetic 
spectrum is not general! v shown in 
science books. In case jeu mav have 
trouble finduig such a diagram an ex- 
ample s shown belv.vv 

In thi" diagrapi. the width of the 
v sible sj v trum d >c not appear to be 
as large as that ol t ie radio communica- 
tion baiuN \ sinif !e wax of giv.ng mu- 
deiiis a better idea o* the true state of 
atiairs would he provide them with 
the data on the electromagnetic spec- 
trum which a >pear in the table below 

Students should Dc reminded that 
electromagnet. c waves, even at audio 
Ircquencies. cannot be heard, because 
the ear doe: not detect such waves 
Mi.wcver. if audio-frequencv electro- 
magnetic waves were used to generate 
souno waves at the same frequency, 
thev could then be heard 

"I he ita contained m the table will 
produce a diagram whici v\ili compare 
close' ■» that shown m the liius- 

- Miller S;c»*a?: I Cumrniim. s"'"r: last* 
\ t u • r *u Atfrru an lM i*J 1" Januars IW. 

llh'v;ra:n«rs rcp:"(Ji'CCd f-.>rn Vc-»ichc Iran* I 
V an IliH<ft (»n:don F an.! Smhs Rnbcr: P 
r«\*.«* A Basic ^ccrtr Cop»*i>:h. 1*0*1 D V .in 
V<m:.vu1 Compans Inc P*-"Cc:.-»n N»\* Jcrscs 



Frequency of Electromagnetic Radia- 
tions* (m cycles per second) 

<r 10 to* 

10 ' lo 10 
10 to 10 

so :o io 

10 ' :o 10 

'» \ 10 ;»i " " \ io ) 

to io 10 

io 1 to |0 

10 to 10' 



VvOPil »r\ ( i^'u\ K os 
it m:i:u R.os 
\ Kos 
t !'r i\ iti'ci 

ln!r. a red 

K h!io I rem '• n » ic^ 



\ u \ in :o 2 \ 10 i 



(ration, it graphed on a lo^ui iimtiu 
uulc Students w\\ have no ditlieultv 
ii* making such a graph, using I cm 
vvdth to represent each power of ten 
> ou mav point out to them that each 
space o: a logarithmic scale represents 
ten tunes the distance represented bv 
the preceding space below, and one- 
tenth of the space above 

Main students fail to reah/e what 
this statement rcallv means. .Ask the 
average student to subtract 10" 5 from 
10 I he (.bailees arc that his reply 
will be 10' which, of course, is incor- 
rect I he correct answer is 9 - MP. 
The student who answers !(/ has sub- 
tracted exponents, or divided instead 
of subtract ng One w;,v of explaining 
lh:s js to set the problem down on 
paper If you wish to subtract two 
numbers expressed as powers of ten. 
uu« must first change both numbers 
lo the same power of !0 or wrie out 
the full number Thus. I0 1, must be 
expressed as 10 « I0 :t Now the 
problem is simple. 10 • I() M 1 • 
IO*' 9 ■ !0". 

Ai r some discussion of the "width" 
of [hi visible band, ask the students to 
prepa. a linear graph of the data in 
the tabte. Suggest that the students 
use 1 cm to represent IO 1 " cveles sec 



FREQUENCY IN VIBRATIONS SEC 
10' 



ElECTHC WAVES 




10' 



10* 



* SlANDAkO 

* BROADCAST 




IC 



10" 




RAO.O WAVES 
■ y TV S fM j$ RADAR ^ 



WAVELENOTh IN METERS 

DECREASING FREQUENCY 



INCREASING WAVELENGTH 



INCREASING FREQUENCY 



THE ELECTROMAGNETIC SPECTRUM 



DECREASING WAVELENGTH 
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(or vibrations sec), which is approxi- 
mate!) 10 percent of the width ol the 
audio and radio bands combined. How 
high would the graph be to represent 
the audio spectrum' the radio spec- 
trum' How high would the graph be 
if vou were to include all frequencies 
up to the U\cr edge of the visible spec- 
trum. 10" 8 cvelcs see' II >ou were to 
inc'ude the \isible spectrum- the en- 
i ; ie spectrum' \\h> is a linear graph 
not uo useful for this purpose' 

MoM students will >e surprised to 
find that the top of the radio frequen- 
ces ( |<)'») will noi be the next line "n 
the graph, but will be 9 em Jmvc the 
first hue. which represents 10". 'J he\ 
will probably be stiil more surprised to 
find that the giaph of frequencies 
reaching to the edge of the visible spec- 
trum Hi)') will require a distance 
.slightly more lh;ji ihe length of a foot- 
ball field, and the entire sp 'drum 
would require approximately 6 2 10 s 
mtky which is more than times 
the dist;»noc from the e.irth to the sun 
A '-"A at the wavelengths represented 
\\iil convince them that there is no 
error in their computations, since thr\ 
u ill ! j equal!) unable to design a useful 
linear scale for graphing wavelengths 
The students can then we-; why the 
visible light region, if ,t eould be 
tapped, would be very useful. More- 
over, for radio communications, it is 
not onlv the frequency tha' is impor- 
tant but also the frequency band or 
range of frequencies used Inus. the 
w.dih of u rad-o broadcast tvnd is 
10- cycles ,ee (or 10 kc scO That 
k il you arc tuning station at 600 
kc on )our AM radio, you will be 
actively using all the frequencies be- 
tween 595 ai.d 605 kc sec. The lowest 
frequency above 600 kc which another 
station eouid use would be 610 kc. and 
even this would produce *omc inter- 
ference if it wore - strc i.g stai.on 
nearby. 

rims. „ portion ol the radio spec- 
trum from 1650 to 550 kc. approxi- 
mating what is common!) designated 
as the AVI broadcast band is ,i band- 
width of 1 100 kc Fn this range Oicrc 
are M00 kc 10 kc or on!) \\Q scp „ 
a.-oe all* cations av ulaolc for radio 



stations i Ik ret ore. several stations 
must be assigned the same frequenev 
But what it we were to use I M on 
these channels* An | \f station re- 
quires a bandwidth of 200 kc Ihe 
1650 to 550 kc portion ot the spectrum 
would onlv permit fn v \\\ stations, 
with 100 kc lett over How about l\ 9 
A !\ station requires a bandwidth o! 
live megaevcies. or live million ^vJes 1 
One eo»ild not accommodate a I \ sta- 
tion on the AM broadcast band at all' 
!-rom here there are several inter- 
esting avenues for exploration The 
10 kc bandwidth assigned to commer- 
cial AM aations explains why thev 
are limited to an audit) range ol 
5000 cycles sec .uid why thev cannot 
broadcast with high fidelity on the AM 
band Students can ho asked how 
main stations of a given bandwidth 
( AM. KM. or I \ ) could be assigned 
to a given portion of the electromag- 
net ;e spectrum. 

Another interesting problem m ts- 
signmg radio frc. ueiicy bands for com- 
munication did ..<a arise uiUil ultra 
high frequency uid microwave chan- 
nels can'e m*o demand for commer- 
cial use Many channels m these 
ranges are now m use For example. 
LHF rad;o uses channels from 470 to 
S*90 megacycles Telephone and P 
communications networks are now op- 
ei at ins in the 2000-6000 megacycle 
range However, at the present time 
commercial users are not permitted to 
use frequencies around 1400 mega- 
cycles, although there has been ,omc 
suggestion that frequencies in this 
range be opened for use. This is being 
strongly opposed by astronomers be- 
cause of the fact that cold neutral 
hydrogen atoms emu a special line at 
21 centimeters, or 1420 4 megacycles 
"ih\s was predicted theorcticallv as 
carl) as 1944, but it was not detected 
experimental!;, until 1951 Since then, 
a study of the mtensitv of the hydroeen 
emission has become an importart as- 
pect of radioastronomy because* this 
ficqucncv. unlike visible f.'vqucncics. 
is no* blocked out b) interstellar dust 
Consequent!), astronomers can u<e 
tlvs frequency to determine the distri- 
bution of hydrogen atonic in our gdaxy. 



except at the venter where the emis- 
sion is blocked out by other radiations 
A decision io resolve this conflict ol 
interest must be made by the £ov em- 
inent Should the necessary frequenev 
band be held open lor radioastrono- 
mers. eliminating useful commercial 
channels, or shou'd the channels be 
used lor practical purpo>es. thus block- 
ing MMiie fundamental research into 
the nature ot the universe' \t present. 
t f 'e I (X ha* protected the necessary 
trcquencsew lor research use. but can 
this be justified ' And is this any guar- 
antee that economic or political prcs 
sures might not force a reconsideration 
ol this decision' !h»* would make an 
excellent topic for cl.iss docussion and 
further study 

It -s probable that the studenis will 
ha'-c a much better appreciation of the 
neanmg of exponents m .scientific 
Notation after completing these excr- 
c-ses. and they wdl have more under- 
siandmg of ;he immense range of the 
electromagnetic spectrum — — 
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Influence in space 

The idea of the two-step process is 
fairly simple to get across and is re- 
inforced m the next section. Perhaps 
the point can best be made on the black- 
board : 



Emr>tv soace . 




A body moving in empty 
space nas a constant 
velocity . 



If another bo*?y is in- 
troduced, tne path of 
tho first one is modi- 
fied. 

The modification can 
be thought of as re- 
sulting from a force 
which the one body 
exerts directly on 
the other, 

or, the one body can 
be thought of as pro- 
ducing some kind of 
effect in trv? space 
around it, 

and that influence in 
space exerts a force 
that modifies the 
path of the first 
bodv . 




(There is also the general relativity 
view, in which it is the geometry of 
space which is modified, so that the body 
is actually still moving m a "straight 
line." It is not so much that the oody 
causes a distortion of space as that . t 
is a distortion of space." 

Test bodies 

The expression "force per unit mass" 
is awkward. It should be made clear that 
the test body need not be one unit, any 
more than one must drive for a whole hour 
in order to go 60 miles per hour. It is 
the ratio of force tc mass that charac- 
terizes the field. If there is more mass 
to be acted upon, the force will be 
greater. 

The concept of a "test body" is used 
throughout the chapter* 7» test body must 
be small in two ways. It must be suffi- 
ciently small in mass (or charge, or 
whatever) that it does apprecifbJy 



modify the nam sources of M;e field, 
and so chancre the field it is trying to 
explore. It must also be smali in size 
(compared to the scale on which the f;e]d 
is beina considered) so that thee is 
essentially one value to the field in 
the space it occupies. (A strikira il- 
lustration of tnib requirement is the 
supposed fate of a moon that approaches 
too closely its planet — the gravitational 
field becomes sufficiently different on 
different paits of the moo*", so that the 
moon is torn apart.) 

Does a field really exist 0 

The independent existence of a field, 
regardless of whether or not tnere is 
something for it to ;-ct upon, is as mucn 
a philosophical problem as a pnysical 
one. The descriptions of phenomena m 
terms of fields are consistent and use- 
ful. Energy can be considered to be 
stored ir a field and so field disturb- 
ances are ac ompanied by transfer of 
energy. But the question of "dc ?s a 
field actually exist in empty spaces 
cr is it just a way of thinking of 
things?" must be put on the shelf with 
a number of similar epistemological 
problems. Suffice it to say that almost 
all physicists think of fields if 
they exist.: 

Relation of g to a 
I 2 

We have tried, . .*i soir.e strair on 
the convent! o s of he profession, to 
use a for the acceleration oroduced 

g 

by gravity. Don't say that the gravi- 
tational field g is the same as a* . 

g 

There is no need for the relation of 
the two to be pointed out, and if stu- 
dents don't bring it up it is probably 
best to let it slip by. The accelera- 
tion a can be measured by distances 

g 

and times. Usii.g Newton's second law, 

we woulci say that the gravitational 

force on a body is F = m.a where r.. 

gig i 

is a measure of the body's inertia. By 

the definjtion of gravitational field 

strength q , P = m g, where m is a mea- 

g g g 

sure :f the body's response to gravity. 
Because the "gravitational majs" of a 
body is proportional to the "inertial 
mass," the gr ivitational ac °le ration 
is proportional to the grav: tamonal 
field strength (as found b^ experiment 
to within one part in iO 11 ). Because 
the same body (the "standard kilogram") 
is used for defining units of both quan- 
tities, and the units are both given the 
same name "kilogram," a 13 actually 

-> 

equal numerically and dimensionally to g. 
(In general relativity the complete equiv- 
alence of inertial and gravitational mass 
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is assured, so that a^ and g arc identical 

— t.nere is no distinct i op. made between 
then — acceleration and gravitational 
force are different ways of viewing the 
sane tnincr.) Th^-re is an important dis- 
tinction between a' g and g in the context 

of an elementary course. A measured 
value of 3 vi 12 be equal to g only if a 

test body is allowed to fall freely. If 
a body is supported, it is still acted 
or. by q , L \ „ its acceleration is zero. 
Although it is perfectly legitimate to 
consider a supported body to have an 
acceleration component a , (cancelled 

out by an acceleration component due to 
the supporting force) that viewpoint will 
be hard to sell to students. 

"Self-action" of a field 

Some students may bring up the issue 
of the effect produced on a body by its 
own field. There are some very deep 
problems involved here (e.g., see Feyn- 
man's Nobel Prize address in P ysics 
Todav, September 1966). For the purposes 
of this course, it will be sufficient to 
appeal to tne two-step representation: 
the effect of one body on another is 
represented as a field set up by the 
first, and that field acting on the sec- 
ond — and vice versa: the effect of the 
second body on the first is represented 
as a field set up by the second, and that 
field acting on the first. If a body 
does have an effect on itself, then it 
could be considered to be affected by its 
own field. Ir Newtonian mechanics the>-e 
is no such seif-effecL (witness Newton's 
first law), so that a body is properly 
considered as acted upon only by the com- 
bined fields of all other bodies. (By 
body here we mean a minuscule oarticle. 
The body of the earth is affected by 
otner parts of the body,, so that in that 
sense it acts on itself.) The essence 
of this concept can be brought out by 
asking the students to rewrite 

F = — in terms of the 

r r 

moon s gravitational field. 
Adding f ields 

If fields are defined m terms of 
forces and forces are defined in terms 
of accelerations, then in one sense 
fields must by definition add vectonally 
as accelerations do. What is at issue, 
however, is that the effect of one source 
is the same whether or not: some other 
source is present and having an effect 
also. That is, that force fields d ef jned 
in terms of their 'sourc es add as vectors . 
In ^he case of a field produced by sev- 
eral charged conductors, the presence of 



one will affect the distribution of 
crnrcre on the ethers, so th \t tne field 
resulting from the presence of all is 
• ot the vector sum of the fields which 
would be produced by eacn source alone 
m the absence of the others. The dis- 
turi^d fields of the disturbed sources 
do dd vectonally, however. The busi- 
ness of mutual disturbance can be very 
conpiic ited , so that often the config- 
uration of sources required to Produce a 
desired field pattern 'must b<. founc: by 
trial and error instead of direct calcu- 
lation . 



Shielding limitations 

Shielding from external fields is not 
strictly correct for extremes of field 
screnct or extremes of rate of change of 
field strength. if an external field were 
so phenomenally strong as to cause ail the 
loose charge on a conducting shell to move 
to locations so as to produce a net field 
of zero inside , then there would be no 
more shi f t possible und any increase in 
the external field could not be balanced. 
If the external field is changing at- a 
rate of 10 cycles/sec, ( tnat is, x rays), 
th^ charges m tne conductor could net 
oscillate rapidly enough to cancel it 
out inside and the cr ar.ging field could 
penetraf-e to the interior. For almost- 
closed ~onducti.ng shells (as in electron- 
gun electrodes or cyclotron "Dees") , the 
field :j almost zero deep inside. Inci- 
dentally, conducting shells do not shield 
the space around it from a static charge 
inside on less tne shell is grounded. 



Grass seeds 

It probably isn't worthwhile taking 
the time to explain why grass seeds line 
up in a field unless students explicitly 
raise tne question. I * you can get away 
with it, don't -orry aoout the phenomenon 
of polarizatuon if an insulator, as thai 
involves atoms and charge clouds — which 
we have not yet officially met. The ends 
of the grass seed become charged oppo- 
sitely, so -hat the field exerts oppo- 
site forces on „he two ends. These forces 
will tend to turn tne 
grass seed into a posi- 
tion along a line of 
force. Even when lmod 
up, the force will be 
greater on the cud 
where the field is 
stronger, so the grass 
seed will be pulled 
into a region ^f 
stronger f ie Ld . 
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Tne cnarqcJ ends of 
tr.e grass seed at- 
tract one another, 
so that there is a 
tendency for trains 
of seeds to form. 

Where the Lnes of 
force are curvea, 
the vector sum of 
*-he forces on the 
seed will tend to 
move it into less 
curved reaions of 
field. 




Oersted 



A sidelight 

A sidelight not mentioned in the text 
is that the f .eld lines m the static 
case are always perpendicular to the sur- 
face of a conducting material. At dis- 
tances large compared to the dimensions 
of a charged bod w , the field will be in- 
distinguishable from that of a spheri- 
cally symmetrical charge distribution. 
This is directly related to the principle 
that the surface of a conductor is an 
equipotential surface, out that at dis- 
tances large compared to the dimensions 
of an obje^ the equipotential surfaces 
are spheres. These principles are of no 
great importance for the purposes of thi'" 
course, but they are fun to draw. 




:!o re ; ? Oers **ed 1 ^ own iccount of the 
history of his discovery, written in tne 
third person as part of an article on 
"Thermoelectricity for 3rewster's Edin - 
burgh Encyclopedia (183 n> • — ~~ 

"Electromaanetisn itself was discov- 
ered m the year 1820, by Professor Hans 
Christian Oersted , of the university of 
Copenhagen. Throuahout his literary 
career, he adhered to the opinion, that 
the maanetical effects are produced by 
the same powers as the electrical. He 
was not so much led to this, by the rea- 
sons commonly alleged for this opinion, 
as by the philosophical principle, that 
all phenomena are produced by the same 
original power. In a treatise upon the 
chemical law of nature, published in 
Germany in 1812, under the title Ansich- 
ten der chemischen Naturgesetze , and 
translated into French, under the title 
of Rechercheb sur l'identite des forces 
electngues et chymiques , 1813, he en- 
deavoured to establish a general chemical 
theory, in harmony with this principle., 
In this woik, he proved that not only 
chemical affinities, but also heat and 
lignt are produced by the same two powers, 
which probably might be only two dif* Brent 
forms of one primordial power. stated 
also, that the magnetical effects were 
produced by the same powers- but he was 
well aware, that nothing in the whole 
work was less satisfactory, than the rea- 
sons he alleged for this . His researches 
upon this subiect were still fruitless, 
until the year 182C. In the winter of 
1819-20, ht delivered a course of lec- 
tures upon electricity, galvanism, and 
magnetism, before an audience that had 
been previously acquainted with the 
principles of natural philosophy. In 
composing the lecture, in which he was 
to treat of the analogy between magnetism 
and electricity, he conjectured, thdt if 
it were possible to prodace any magneti- 
cal effect by electricity, this could 
not be in the direction of the current, 
since this had been so often tried in 
vain, but that it must be produced by a 
lateral action. This was strictly con- 
nected with his other ideas; for he did 
not consider the transmission of elec- 
tricity through a conductor as an uni- 
form stream, but as a succession of in- 
terruptions and re-establishments of 
equilibrium, in such a manner that the 
electrical powers in the current were 
not in quiet equilibrium, but in a state 
of continual conflict. As the luminous 
and heating effect of the electrical 
current goes out in all directions from 
a conductor, which transmits a great 
quancity of electricity; so he thought 
it possible thac the magnetical effect 
could likewise eradiate. The observa- 
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tions above recorded,, of magnetical ef- 
fects produced by lightning, m steel- 
needles not immediately struck, con- 
firmed him in his opinion. He was never- 
theless far from expecting a areat maq- 
netical effect of the galvanical pile; 
and still he supposed that a power, suf- 
ficient to make the conducting wire glow- 
ing, might be required. The clan of the 
first experiment was, to make' the current 
of a little galvanic trough apparatus, 
commonly used in his lectures, pass 
through a very thin platma ^i j, which 
was placed over a compass cov i.sd with 
glass. The preparations for the experi- 
ments were made, but some accident havinq 
hindered him from trying it before the 
lecture, he intended to defer it to 
another opportunity; yet during the lec- 
ture, the probability of its success ap- 
peared stronger, so that he made the 
first experiment in the presence of the 
audience.: The magnetical needle, though 
included in a box, was disturbed; but as 
the effect was very feeble, and must, 
before its law was discovered, seem very 
irregular, the experiment made no strong 
impression on the audience. it may ap- 
pear strange, that the discoverer made 
no further experiments upon the subject 
during three months; he himself finds it 
difficult enough to ronceive it; but the 
extreme feebleness and seeming confusion 
of the phenomena in the first experiment, 
the remembrance of the numerous errors 
committed upon this subject by earlier 
philosophers,, and particularly by his 
friend Ritter , the claim such a matter 
has to be treated with earnest attention, 
may have determined him to delay his re- 
searches to a more convenient time. in 
the month of July 1820, he again resumed 
the experiment, making use of a much more 
considerable galvanical apparatus . The 
success was now evident, yet the effects 
were still feeble in the first repeti- 
tions of the experiment, because he em- 
ployed only very thin wires, supposing 
that the magnetical effect would not take 
place, when heat and light were not pro- 
duced by the galvanical current; but he 
soon found that conductors of a greater 
diameter give much more effect; and he 
then discovered, by continued experiments 
during a few days, the fundamental law 
of electromagnetism, viz. that the mag - 
netical effect of the electrical current 
has a circular motion round it." ~~ 



Romer 

In most textbooks you will find the 
statement that Romer was the first oerson 
to determine the speed of light, you will 
find various valuer attributed to him, and 
most of these values are different even 
when converted to the same system of units 
(the average is about 2/3 the present value) . 
Anyone who actually takes the trouble to 
read Romer's original paper will find that 
all he did was to estimate the time it takes 
light to cross; a certain fraction of the 
earth's orbit. He also says that lignt 
would take less than a second to cross the 
diameter of the earth; smco he thought the 
earth's diameter was about 9000 miles (de- 
pending on how you interpret the units he 
used) this means that the speed of light 
is greater than 9000 miles per second. But 
for seventeenth-century scientists the real 
significance of Romer's vork was not the 
actual value of the speed of light, but 
the fact that it is finite rathe'r than 
infinite. This is analogous to the case 
of Boyle's work on air pressure: Boyle is 
known as the discoverer of "Boyle's law " 
PV = constant, but n fact he wasn't the 
first to find this relation by experiment. 
Instead, he did something even more impor- 
tant: he showed that air pressure is finite, 
and is responsible (rather than nature's 
horror of a vacuum) for holding up the mer- 
cury m a barometer, or the water in a suc- 
tion pump. These two examples, Romer and 
Boyle, show how different (and how much 
more interesting) the history of science 
can become if we try to look at a scien- 
tist's work directly and in the context of 
its own times, rather than judging it, 
through the reports of textbooks, on the 
basis of how it solved problems that we 
now consider significant. 

Although Romer did not apparently have 
data on the diameter of the planetary orbits 
from which he could compute the actual 
speed of light, such data was just becoming 
available at the time he worked. Jn 1672, 
the Frer h astronomers Jean Richer and Jean 
Dominique Cassini determined the Earth-Mars 
distance by tr iangulation of Mars. : They 
used a baseline with Paris at one end and 
Cayenne, on the northern coasc of South 
America, at the other. Since, as we saw 
in Unit 2, the relative distances of all 
the planets from the sun, and relative 
Earth-Mars distance at a given time, could 
be found from the heliocentric theory, all 
these distanccr could be found as soon as 
one of them wis /.nown. The R^cher-Cassini 
observations led to an £arth-Sun distance 
of 87 million - 4 iles. Huygens, m 1678, 
used this value together with P.omer ' s data 
on the tme-interval to compute the speed 
of light. Huygens' v-lue, 2 * 10 8 m/sec, 
was published in his treatise on light in 
1690, together with an analysis of Romer's 
observations; later scientists seem to have 
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misread this passage and thought that Romer 
himself had gotten that value. 

Another way of determining the velocity 
of light from astronomical observations w^ v s 
discovered by the British astronomer James 
Bradley in 1728. He found that certain 
stars change their positions in the sky 

during the year in a peculiar way. Although 
he was originally trying to observe the 
parallax of such stars,, it turned c^t that 
this effect could not be attributed to par- 
allax but was due instead to the component 
of motion of the earth at right angles to 
the line of sight from the star to earth. 
During the finite time that it takes for 
light from the star to go from one end of 
the telescope to the other, the telescope 
itself moves because of the motion of the 
earth, and so the telescope must be tilted 
slightly to see the star. This effect is 
known as s tellar aberration , anC its mag- 
nitude depends on the ratio of the orbital 
speed of the earth to the speed of light, 
as well as on the position of the star rel- 
ative to the plane of the eclipoic* Since 
the orbital speed is known, the speed of 
light can be calculated.. The value obtained 
was within a few per cent of the present 
value 

Bradley's disco^ory of stellar aberration 
was historically important for arother rea- 
son: it was, in a sense, the first direct 
astronomical evidence for the heliocentric 
theory! Yet by the time it was found, most 
scientists had already accepted the he ' io- 
centric theory for other reasons (see Unit 
2) .> Here is an interesting example of the 
relative unimportance of experiments and 
observations, as compared to convincing 
theories, in changing a worldview. 

The subsequent history of determinations 
of the speed of light is reported in J.H. 
Rush, "The Speed of Light, " Scientific Amer- 
2_can, August 1955, p. 67 and books in the 
bibliography. 

In Chapter 16, we note that Hert2*s 
experimental determination that electro- 
magnetic waves have the same speed as light 
was one piece of evidence for the hypothesis 
that light waves are a form of electro- 
magnetic waves. In Chapter 20 we again 
encounter the speed of light as a maximum 
speed in relativity theory 



"Lectron" Series 

Lectron is a simple, magnetic-connectirg 
building-block system replacing separate 
component parts. Each self-contained 
block is the component* Magnetic contacts 
on the <iides and bottom of each block are 



the electrical and mechanical connections. 
The circuitry is done on a metal ground 
plane that serves the normal chassis 
functions of mechanical support and com- 
mon ground. Each b^ck has the standard 
schematic symbol for the component on the 
top. From the wide selection of component 
blocks available, complete electron\c 
circuits,, from the most simple to complex,, 
fully-operating transistor radios, can be 
assembled. 




Lectron is a complete, self-contained 
survey course in circuitry which intro- 
duces students to theory as well as the 
practical applications of components and 
circuitry. Because of its basic simpli- 
city, very little background preparation 
is needed; however, it is also challeng- 
ing to more sophisticated students* it 
is ideal for any level science, indus- 
trial arts or vocational program. 

By reducing a functional circuit to a 
series of "build_R^ blocks," students 
see the role each component plays in the 
circuit design.* A finished circuit is 
an exact duplication of its schematic 
diagram and can be checked easily at any 
point in the experiment. A small 9V bat- 
tery is the only source of power required, 
even for the largest circuits. 

No tools are needed. No safety pre- 
cautions are required. Set-.-up time is 
reduced to a bare minimum. Inventory 
can be done quickly and easily because 
all components are -learly identified* 

Detailed information can be obtained 
from Raytheon Education Co., D.C. Heath 
Building, Boston, Mass.: 



This article was adapted from a 
Raytheon Education brochure. While there 
was no direct involvement with this par- 
ticular item and Project Physics,, we 
feel it is uniquely applicable to lab 
work in electricity and electronics. 
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bibliography . 
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The phenomena which indicate that radiant energy is emitted and 
absorbed as particles but is transmitted as waves are described in 
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Doubleday Paperback 51.25 (i960) 
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Suggested Answers to Unit 4 Tests 
Test A 



PROPORTION OF 
TEST SAMPLE 

SECTION ANSWERING ITEM 

ITEM ANSWER Or UNIT CORRECTLY 

1 B 1 3 . J 0.73 

2 E 14.3 0.67 

3 C 13.3 0.43 

4 C 14.3 0.40 

5 C 14.4 0.27 

6 B 13.2 0.57 

7 D 16.5 0.73 

8 C 16.2 0.70 

9 B 16.2 0.40 

10 D 14.10 0.77 

11 D 15.4 0.67 

12 C 15.4 0.83 

13 B 16.2 0.63 

14 A 15.3 0.47 

15 D 1 5 . 4 0.37 
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Answers Test A 



Group I 

1. Section of Unit: 16.4 
Hertz found: 

a) that electromagnetic waves reflect, refract and interfere in a manner simila- to 
1 ight wa" s . 

b) that the velocity of electromagnetic waves and light waves are the same. 

He concluded that both licht waves and electromagnetic waves could be accounted for by 
Maxwell's electromagnetic theory. 

2. Sections of Unit: 16.2, 16.3 
Maxwell predicted: 

a) that electromagnetic waves of many different frequencies could exist. 

b) that electromagnetic waves exert a pressure on any surface that reflects or absorbs 
them. 

3. Section of Unit: 14.10 

Power - VI 

= (12 volts) (100 amps) 
= 1200 watts 

4. Sections of Unit: 14.11 — 14.13 

a) a magnetic compass needle held close to a current-carrying wire will align itself 
perpendicular to the wire. 

b) Two parallel current-carrying wares held close together will exert forces on each 
other . 

c) An insulated wire carrying current coiled around a piece of iron will cause the 
iron to become magnetic. 



5. Sections of Unit: 14.3, 14.4 




Answc.s Test A 



b. Section of Unit: 15.8 

a) P = I • R 

= (0.50 ampere J 2 (510 ohn) 

= ( . :5 amp ) (510 ohn) 

= 130.0 watts 

b) 



A 
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< 
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An alternating current in the primary coil (A) chanaes t no raqn^tic field in the iron 
rina. The change in tiu maqnetic field in the part -if the ring near the secondary coil (B) 
induces a current in < m secondary coil. If the secondary coil has more turns than the 
primary, the voltage across the secondary will be greater than the voltage across the 
primary. If the secondary has fv*vt turns than the primary, tne village across tne 
secondary will i^e less than the voltage across tne primary. 




Screen 

An adequate answer to this question should involve some discussion of most of the 
following facets of the experiment. 

a) the nature of the light source 

b) the function of the single slit 

c) the function of the double slits 

d) the regions of constructive and destructive interference 

e) the pattern seen on the screen 

f) relative dimensions cf parts of the apparatus where this information is vital to the 
experiment 
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Answers Test 8 



Suggested Answers to Unit 4 Tests 
Test B 



VHUl o!<TIO.\ 01 
TCST . ; A V »PLL 
SI CTIuN AM,i\I i< I N : I H 1 

ITU V ANSWCN Of I'M IT CORK! CTLY 



1 L 14.3 0. 34 

E 14.4 0.75 

3 C 16.5 0.73 

4 L 14.3 0.69 
0 A 13.4 0.00 
0 D 13.4 0.3 7 

7 B 13.5 0.72 

8 D 16.3 0.64 
V C }3.3 .39 

10 i; 14.3 * C 58 

11 C 14.^.4 G.69 
1-2 0 13.6 0.85 

13 H 1- .2, .3 0.52 

14 i .6 0.60 

15 K 16.7 0.51 
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Answers Test b 



A satisftctory jnsv.r to this question may involve a brief discussicr. c: t*^ c: t:.« 
•■llo-rfi:- -fficlb of tn< introduction of electrical power. This list un-.s r .ct ;S :: tJl 
: i s n 1 l answers . 

a) the impact of electricity on industry 

b) the socia 1 effects of machinery replacing physical labor 

c) the trend towards a decentralized population brought about by rural electr: f : c it : 

d) the unification of the country through the use of electrically operates sysun^ < 
c ommu in c a 1 1 on s 

^. Feet ion of Unit: 1 3 . '-> 

The nature philosophers obiected to Newton's theory of color because they found the 
scur.Ufi • procedure of dissecting and analyzinq natural phenomena distasteful. T.ney fr 
tnat .t was necessary to consider the unifying principles of all natural forces in urdc: 
understand nature as a whole. 

3. Section of Unit: 14.4 

A field is a set of values attached to every point in space; the values are, ir. gem-r 
functions of both position and time. The field idea i often invoked intuitively or for 
mathematical convenience to describe a region of interaction in which there axe differed 
amounts of influence produced by seme source, and to avoid direct action at a distance. 

■5. Section of Unit: lb . 5 

X rays are readily absorbed by bone, whereas they pass through organic matter such ^js 
fKsh. In addition, x rays have the ability to expose photographic film. 

S. Section of Unit: 16.5 

The following list is not intended to provide all the possible reasons for believing 
that electromagnetic waves carry energy. 

a) Energy must be supplied to a source of electromagnetic radiation. 

b) When electromagnetic waves are absorbed, the absorbing material ;s heated. 

c) Electromagnetic radiations exert pressure on targets. 

d) Hertz discovered that the sparking of an induction coil caused similar sparking 
to occur m his receiver loop. 
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Suggested Answers to Unit 4 Tests 
Test C 



PROPORTION OF 
TEST SAMPLE 







SECTION 


ANSWERING 


TKM 


ANSWER 


OF UNIT 


CORP 


EC r 


I 


C 


14.8 


0. 


69 


2 


D 


13.6 


0. 


85 


3 


D 


16. i 


0 . 


58 


4 


E 


14.4 


0. 


64 


5 


C 


14,16 


0. 


90 


6 


3 


14.3 






7 


3 


14.4 


0. 


57 


8 


C 


13.3 


0. 


46 


9 


C 


16.2 


0. 


63 


10 


3 


13.3 


0. 


57 


11 


£ 


14.3 


0. 


59 


12 


B 


14. i3 






13 


E 


16.7 


0. 


38 


14 


C 


general 


0. 


76 


13 




14.13,16.2 


0 . 


44 


16 


D 


16.5 


0 . 


67 


17 


E 


15.8 


0 . 


44 


18 


C 


genera 1 


0. 


59 


19 


A 


16.3 


0. 


43 


20 


C 


14.il 


0. 


67 



ROPORTION OF 
TEST SAMPLE 
SECTION ANSWERING ITEM 
ITEM ANSWER OF UNIT CORRECTLY 



21 


3 


13. 


3 


0.73 


22 


3 


13 


3 


0.89 


23 


3 


15 


4 


0.60 


24 


A 


15 


4 


0, 70 


25 


D 


13 


6 


0.85 


26 


D 


16 


7 


0.44 


27 


C 


14 


11 


0.77 


28 


E 


14 


3 


0.67 


29 


D 


14 


.13 


0.42 


30 


A 


13 


.4 


0. 55 


31 


D 


13 


.4 


0.34 


32 


3 


13 


. 5 


0 .53 


33 


D 


14 


-) 
» ~j 


0.43 


34 


B 


16 


.2 


0. 47 


35 


A 


14 


.12 


0.50 


36 


D 


16 


. 1 


0. 37 


37 


C 


15 


.8 


0.74 


38 


A 


14 


.2 


0.49 


39 


A 


14 


.13 


0.67 


40 


D 


15 


.8 


0.51 
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Suggested Answers to Unit 4 Tests 
Test 0 



Group On e 

1. Section, of Lr.it: 13.3 

;-s liort enters tr.e ulock of class, its velocity decreases, its wavelength decreases ar.d 
its frequency rcrair.s constant. 

?. Section of LV.it: 14.13 

A stream of cr.argcd particles, nair.lv f r :r. tn.v s-r. :.ut als^ from outer scace , continu- 
ally sweeps past the eartn . Mv.y of tries* particles are ceflected into spiral patns ty 
the ear tn ' s maanetic field a n \ are trappeu. 

3. Section of •Jmt: 16.2, 16.3 

In developmc his electromagnetic theory, Maxwell devised a mechanical rcdel that oro- 
Vided the connections amona tne electrical and magnetic quantities observed oy Faraday 
and ethers. The ether was a constituent part of this mechanical model. However, once 
Maxwell found tne desired relations cetween the electric and magnetic fields, he was free 
to discard the mecnanicai model. Maxwell's electromagnetic tneory is independent of any 
assumption concerning tne etner. His model developed for matter can ^e applied to space 
chat is free of matter. Lnder ail circumstances, an electric field that is cnanging witn 
time generates a magnetic field. 

4. Section of Unit: 16.5 

Because both x rays and radio waves are electromagnetic radiations, they can both be 
refracted, reflected and diffracted, and both exhibit interference. 

5. Section of Unit: 16.2 

Include a sample of the material in a circuit with a battery and a current detector. 
If the current flow is constant, or changes very little, the substance is a conductor. 
If a current cannot be detected, the substance is an insulator. 
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Answers Test D 



'roup Z v. c 

c . Section of Lr.it: 14.3 
Force or. C .i^e 10 A: 



( 9 " 10 ) ' 10"* coulomb) ^-1 • 10"- coulomo) 



1_ 

10 



= -0.90 N (a 0.9 r.ewtor. force towards A). 
:rce or. C uuo to B: 



( 9 • 10 !i£ ) ( +2 ■ 10"'- coulomb) /-l < 10"'^ coulonb) 

= v couioms- ' y / \ / 

(H • 



- -0.16 N (a 0.16 newton force towards B) 
»et force on C: 



-'My 



.90:: .i6K 



F c =(.9 - .16^ r; 



= 0.74N (a 0.74 newtor. force towards A). 
Section of Unit: 13.6 



The 



longer a wave is compared to the size of an obstacle, the less it is scattered. 
Thus, m areas where the air is clear, sunlight is scattered by air molecules and particles 
of dust or water vapor. These particles are smaller ♦ han most wavelengths of light. 
Consequently, only light of short wavelengths— blue—i* scattered, and the sky seems blue. 
However, when the air is polluted, larger particles are suspended in the air. These parti- 
cles scatter sunlight of longer wavelengths. Consequently, reds and oranges mixed with blue 
are seer in the sky. 
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8. Section of Unit: 16.7 

a) The special theory of relativity assumes that all of physics and elec tromagneti sm, 
as well as mechanics, satisfies the relativity principle: there is no way to 
distinguish among frames of reference that have a constant relative velocity. 

b) The speed of light in free space is the same for all observers, whatever their 
velocities relative to each other or to tne light source. 
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course will be published m 1070 iy Holt, Hinehart and 
Winston, Inc., and s i 1 1 incorporate t\e final revisions and 
improvements as necessary. T « thi . end so invite oui 
students and instructor, towriw t< us if in practice they 
too di<;com ways of irprovirw the course notorial'. 
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Prologue I he ccr.vict** r. tnat 
it , ."r.^i'-is roller m ~ r '^U' 
f' r -<ch -ical ridel? that e « j * 2 
t r f n irjr.e t 1 sp . This c cMroK, '.%hn 
en u.<i<" thcM duc.v* rus initiated in «;cu r.^e, 1.". tee:.:*. 1 
•r.d 1 r. I'u't'. J < rm the sui. not c*f tr.is \< iUTf . I r. t :i : i : r - 
1' :Uf wt sketch the cevelo:-m« nt c-f pm r>{ td.eM "ioccl s au. 
: r ) ( f 1 v indicate the effect r>f tlu'S» cit vt 1 c : n< r ' r r n -ur 
: resent id<'ir> of the : Ir/su'dl w«>rla. 

uurinn t ne seve r.teent h arid eighteenth cent un < ( there ' < re 
i*'' e< mi i t 1 n<: models for liqht, one do] 1 ct 1 :v: liaht as :ar- 
t ich'i, t }.. (trier di»j ict ir.«} 1 lgr.t as waver. Both models* wen 
rrrv^t : uct< d with the Newtonian components of matter and mc - 
ti<-n. Tn<- wave model won qcneral accept ance* , not because it 

* 1 1 te>d the Newtonian scheme better t h^n the :-urt:cle ncde-1, 
\ nt LfMisse it was better able to iceount for newly di s- 
C(V<reti f j'tical effects. Charter li tells the sttry of t he 
triumph <d t he wave theor\ of I nJht ) n the fir a halt of the 
nineteenth ,ntury. The wave theor\ m 1 1 nt a 1 ne .1 its ^upre-m- 
ae" iiit 1 1 the early part of the t'*entitth century \%hen it 

. f'Ui-i that neither '*,iv»'S nor iMit U'lo: were sufficient 
u eeunt fcr t iu btr.aviui ■ >! 1 i<iht . 

A: ex: <jr iper.tr> c ?tdhi 1 i*ht><: that ( 1 rtnc and r.U'::i< -1 i e 
' ■ t •< * h ive ' oPe cha r.- c t e 1 1 s t 1 cs 1 n i ,f Ten '* 1 1 u tj r .iv 1 t at 1 < r.a 1 
' • : «s, theories of electricity and maanetism u<*re dove'lopeei 
**hich r< mode leu on wtuii treatment r f tiravit it ion. 
'I hi ur.; t Ki. that theTt are* fo2C<" b'tvi'en eleCtrifleei and 

i t 1/1 d I 'Mie"< whicn vary i:.v« r- « ly *ith the ^<yi ir» * ; tin 
>M ,t ,i::r'( wa 1 foul. : tc !,\- nnt ft l rare, <-bserva: lui^n The 
d r j f 1 1 -i « e i ' he* e t he e : i < 4 a* suivc * ha 1 i 00. 1 es can <.Xe r t 

re t >» v« r a ai'>ta:.ee v, ithout the m O" 'aty for era i t«a\ 
t - 4 - a:ch i : le ♦ ht : . 

A 1th 'i ;h a, ' i.i -:it-a-ai i t nice tin -fries were remirK.il 1\ 
'iiccesi-tul in nrevidir:^ ,1 :u»ant 1 1 at 1 v« explanation for ne 
a*: icts -f e 1< ct 1 <. n>t met 1 s rr , then* 1 he( no, did not at the 

♦ :ru i ] v vide a con; r< he nsive ^ la:; at ion. In ( ite-<iti, the 

"1 ,11.!, 1 de'.cripti 'it that Li c iff,* %»cJelv incepted by the e*nd 

♦ the nii.eteeritn centur., ind t «t 1; ncv, :<nerall% bclievt»cJ 
t" U the lest wa\ t. Ji'CUSS all j h\ 4 n a 1 f'jr<*es, is based 
' n the- idea >d f ndJ:., an idea tr.at irt re eluCe* in Chiijter 

14 ma de \'i b j further m the let ^-hai.te: c^f the unit. 

v .ar.y scientists f«lt that act 1 e .;.-at - i-d 1 stance theories, 
however acc'ur itt in ireaicticn, tailed to oive 1 sat 1 sf act orv 
physical explanation for how cnu be dy exerts a force e>n an- 
other. Newton himself was reluctant to assume- that one body 
ear. act on another through e»mnty s^ao*. In a letter to 



It 1 u u*h k ivahle x v r„m\ 

sl le nt l si 1 thai one hoti^ tould 
airntlv ailetl a.iv>t he 1 airosi 
< irpt v ^>j)«iL c . 'I he*v eit vist'ej a 



sdn it. 



lo fill 



vai it'l \ ol 
space in between with soiiiet hin,' 
that *oulei tr»ins«at the' effect 
tirst *Uh nuitcrial "etlnr," — 
later *ith rat he mat it ..] " lieliis." 
Sonu id tln**a stlun.es ate illus- 
trate on the opposite p<e< : 
in st ar t e s, 1 7 t!i a nt ury (hot t oik 
bit), Kuler, l^tb tentur> (top), 
!la %.se 11. 19th t< nt ury (1 deid h 
r i» hi ) . M>av« is <i eir.i^nu: 
c^pieni trcji:i Tlu Ne u Yor^ limes 
( 1967) ripre se nt in.- th' earth's 
fluh'iK't 1 1 ie- Id . *hit h is distorted 
bv <i lb * ot thar^e'd particles 
irom the sun. 
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Picnard Pent ley he wrote: 



This lettoi is reproduce' 
< v «c t 1\ NV*t n *r to it, 



William Thomson (Lord KelviiO 
was a Scottish mathematical 
physicist who contributed to 
the fields of electricity, 
mechanics and thermodynamics 
md to such practical deve- 
.opments as an improved ship's 
compass and the first Atlantic 
cable. The Kelvin scale of 
absolute temperature is n.iaied 
for him. 



Tis unconceivable to me th.it mir.imt • i : u : r ~ r • • 
should (without the mediation of .sr^-thnv; **V< . 
not material) operate upon & affect r-t hi r r itt.«j * « * 
mutual contact; ... And' this is one r*> isor. w}" : j. - 
sired you would not ascribe innite cjravitv tc r,< . " 1 i 
r:ravit\ should be innate inherent i. cssser.t : i ) \, r '«« : 
so yt one body may act upon another at o diMar.ce' tl • • 
-i vacuum wthout the mediation of anv thim «>!<«'■ >,< V 
through wch their action or force nay be cc:,'.-r\. 
one point to another is to me so are.it an a: ^urd it <• \ j 4 . « 
I beleive no man who has in philosophical mat terV a.vl " 
competent faculty of thinking can ever fall i:.t x • " 

Some seventeenth-century scientists, less cauM-M? 2: 
their published speculations than .Wwton, pro; osed t:.a« >: - 
iccts are surrounded by atmospheres that expend tc • h«« r. «? 
distant regions and serve to transmit gravitational, 
and mrqnetic forces from one body to another. The atn\ : . 
proposed at this time were not nu.d*> a part of a au «:.t 1 ? 'ts< 
theory. In the nineteenth century, whin the idea uj «n . x . 
po/w-ding atmosphere was revived, numerous attem:ts r. - , 
to develop mathematically the properties ct .1 med 1 ur t . i« 
would transmit the waves of light. The nam<' " 1 um r 1 J » t 
ether" was given to this hypothetical " 1 : dht -bear . .vV .di- 
stance . 

The rapid discovery of new electrical snd magnetic <•'.*< 
in the first half of the nineteenth century actea a;, a *i ; 
stimulus to model building. Michael Faraday (l^l-ltc \, 
made many of the important discoveries, developed a m s« 1 
that assigned lines of force to the space surroundm-; _-- 
trified and magnetized bodies. Faraday showed how th<* >< 
lines of force could be used to acciunt for nany -U'ct: r ii- 
netic effects. 

In a paper he wrote at age 17, William Thomson f 1 H Jh-1 '* 
ahowjd hov. the equations used to formulate am; solvt a :r 1- 
lem in electrostatics could also be used to sol"c a :i >tl«*: 
in the flow of heat. At that time electros tat 1 was naa 
simply and effectively treated by considering that 1 leot : 1 
forces can act at a distance, while the flow of heat w« ?. ■ 
orally held to result from the action of parts thit t-ucn . 
With this paper Thomson showed that the same mat henvt 1 - 1 1 
formulation could be used for theories bas«-o on conu>lo'*-l' 
different physical assumptions. Perhaps, then, it f • 

important ,0 find a correct set of equations than it Was t< 
choose a particular mechanical model. 

James Clerk Maxwell (1831-1879), inspired by Faradty'i 
physical models and by Thomson's mathematical demonstration* 
undertook the task of developing a mathematical theory ot 
electromagnecism. From the assumption of an imaginary ether 
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~T3o The sp&zd of light 



13,1 Introduction . What is light? At first glance, this may seem 
to be a rather trivial question. After all, there is hardly 
anything tha* is more familiar to us. We see h\ means of 
light. We also live by light, for without it there uould be 
no photosynthesis, and photosynthesis is the basic source of 
energy for most forms of life on earth. Light is the messen- 
ger which brings us most of our information about the world 
around us,, both on the earth and out to the most distant 
reaches of space.. Because our world is largely defined by 
light, we have always been fascinated by its behavior. From 
the beginning of recorded history men have asked themselves 
questions about light. Hovv fast does it travel? How does it 
manage to travel across empty space? What is color? 

To the physicist, light is a form, of energy. He can de- 
scribe light by measurable values of wavelengths and frequen- 
cies and intensity of the beam. To him, as to all people, 
light also means brightness and shade, tne beauty of summer 
flowers and fall foliage, of red-gold sunsets and of the can- 
vases painted by master artists. These are really two ways 
of looking at light: one way is to regard its measurable 
aspects — whin has been enormously fruitful m physics and 
in technology. The other is to ask about tne emotional 
responses m us when we view the production of light in na- 
ture or art. Still another vvay of considering light ; s in 
terms of the oiophysical process of vision. The physical, 
biophysical, and psychological aspects of light are closely 
related. 

Because these aspects of light are not easily separated, 
problems raised about light in the early history of science 
were more subtle ar.d more elusive tnan those associated with 
most ocher aspects of our physical experience. Early ideas on 
its nature were confused by a failure to distinguish between 
light and vision. This confusion is still evident in young 
children. When playing hide-and-go-seek, some of them "hide" 
by covering their eyes with their hands; apparently they 
think that they cannct be seen when they cannot see. This 
almost instinctive association ot vision with light persists 
into the language of the adult world. We talk about the sun 
"peeping out of the clouds" or the stars "looking down." 

Some of the Greek philosophers believed that lignt ^ravels 
m straight lines at high speed, and that it contains particles 
which stimulate the senoe of vision when they enter the eye. 
For centuries after the Greek era during which limited atten- 
tion was paid to the nature of light, the particle model per- 
sisted. However, around 1500 Leonardo da Vinci ,, noting a 
similarity between sound echoes and the reflection of light, 



Summary iZ ( 

Whjti is J [[tf\t ? Aflfe^ Some 
Y&narks o&etft fo?w 1Pte yMi^sis\st 
wo*\<k (hnswer (his Question, 

vve ptfse "tfte qyjee>t\on more 
precASe<\tf) : f 'How apftreprtaTe <s 
c\ wave rnocA&[ in explajruna 
tine observed prvpenies ofttczht?* 




Behold the Light emitted from 
the Sun, 

What more familiar, and what 
mor? unknown . 

While by its spreading Radiance 
it reveals 

All Nature's Face, it still it 
self conceals . . . 

How soon th 1 Effulgent Emana- 
tiens fly 

Thro' the blue Gulph of i icr- 
posing Sky. 

How soon their Lustre all the 
Region fills, 

Smiles on the Vallies, and 
ador*is the Hi 1 T s ! 

Millions of Miler, so rapid is 
t'leir Rac *, 

To cheer the Earth, they in 
few Moments pass. 

Amazing Progress! At its ut- 
most Stretch, 

What human Mind can this swift 
Motion reach 9 

Richard Blackmore, Creation 
II, 171S, -^86-399. 
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of iiojnt Travel tn sfa<^t 



S The first estimate of Ike, 
s&ee<A of was made 
Huygerxs in tfce Seterrteerith J 
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speculated that light, like sound, might have a wave character 

A decided difference of opinion emerged among .ciei.tistD 
the seventeenth . -ntur> about the nature of light. Some, 
including Newton, favored a -odel largely based on tne idea 
of licrU r.s a stream of particles. Others, including Huygens, 
supported a wave model. By the late nineteenth century /how- 
over, there appeared to be overwhelming evidence that the ob- 
served characteristics of light could be explained by ussumma 
that it nad the nature of a wave motion; that is, by assuming 
a wave -odd. m this chapter we shall look at the question 
"How appropriate is a wave model m nvnla^rn L j^e observed 
behavior o^Al^?" That is, we shall take" tne wave model as 
a hypothesis, and examine the evidence tnat sup: orts it. We 
murt bear m nine tnat an> scientific model, hypothesis or 
theory has two cnief functions -to explain wnat is known, and 
to make predictions that can subjected to experimental 
test. We shall look at botn of these aspects of tne wave 
~odel. The result will very curious. The wave mocel turns 
out to ,.ork splendidly for all tne properties of lignt known 
before tae twentieth century. Rut m Cnapter 18 uc .ill find 
tnat for c-one purposes we must adopt msteaa a particle moael. 
Then m Chapter 20 we will combine ^oth models,, joining to- 
gether two apparently opposite tneories! 

We nave already mentioned tnat lnnt travels in straignt 
lines and :.t mcrh speed. Our daily use of mirrors < evinced 
us that light can also be reflected. There are otner cnarac- 
teristics of light— for example, it can be refracted, and it 
shows the phenomena of interference and diffraction. All of 
these properties you nave studlcd Garlier , ^ hcn looklnq at 
the behavior of waves m Chapter 12. It would therefore be 
well for you to refresh your memory about tne basic ideas of 
that chapter before going on to the study of light. We shall, 
however, look at some additional phenomena of light disper- 
sion, polarization and scattering— which so far we nave con- 
sidered either not at all or m rrummum detail in tne earlier 
discussion. As we shall see, these also fit into our wave 
model, and in fact constitute strong experimental support for 
it. Before going on to a discussion of these various charac- 
teristics of light's behavior and how they provide evidence 
in support of our hypothesis of a wave model for lignt, we 
shall first consider the propagation of light and two charac- 
teristics—reflection and refraction— which cart be explained 
by both a corpuscular (particle) model and a wave model. 

Propagat ion of ligh t. Tnere is ample evidence that light 
travels in straight lines. The fact that one cannot see 



Light Beams Travel in Straight Lines. 
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"Cant r a bj.Liiri" is i Lit in 
phrifet mi mmn 'M irk thinbtr 




First published illustration of 
a camera obscura: obst r\ in,' .1 
solar eclipse in Januiry 1^4^, 
fiom a book by the Dutch physi- 
cian and mathemat ic 1 an Gemra 
Fr is ius . 



An attempt to produce a "ray" 
ot light. To make the pictures 
at the right, a parallel 1 earn of 
red light was directed through 
increasingly narrow slits to a 
photographic plate. The sli: 
widths, from left to right, were 
1.5 mm, 0.7 mm, 0.4 mm, 0.2 mm 
and 0.1 mm. The results are 
similar to those shown for wa- 
ter ripples on p. 133 of Unit 3 
(Fig. 12.23). (Of course the 
narrower the slit the less the 
light that gets through. This 
was compensated lor by longer 
exposures. ) 



' ,rf u:,,s 1 ^rr.er" tf an obstacle is one obvious example . 

lathrc of a shadow cast Ly t,u bun is but one oxamrlo 
° f tK s-^.rply define,: shadows oast a large but ver> dis- 
tant source. Similarly,, sharp sbauo»s are cast by a closer 
source of small dimensions. Tne distant sun or the nearoy 
srvll source are approximately point sources of light; it is 
c ron such point sources tnat we get sfu.rp shadows. Before 
the invention of the modern camera with its lens system, a 
Uqht-tight box with a pinhole in the center of one face was 
widely used. As the camera obscura ,, it was highly popular in 

the Middle Ages. Leonardo da Vinci prob- 
ably used it as an aid in his sketching. 
==-f=^ In one of his manuscripts he says that "a 
small aperture in a window shutter pro- 
jects on the inner wall of the room an 
imaae of the bodies which are beyond the 
aperture," and he includes a sketch to 
show how the straight- line propagation of 
light explains the formation of an image. 
It is oft^n convenient to use a straight line to represent 
the direction in which light travels. The convenient picto- 
rial device, an infinitely thin rav_ of light, is useful for 
thinking about light but it does not correspond to anything 
that actually exists. A light beam emerging from a good-sized 
hole in a screen is as wide as the hole. You might expect that 
i r we made the hole extremely small we would get a very narrow 
bean of light—ultimately, just a ray. But we don't: Dif- 
fraction effects (such as you have already observed for water 
and sound waves) appear when the beam of light passes through 
a small hole. So a ray of light, pictorially useful, cannot 
be produced in practice. But we can still use the idea to 
represent the direction in which a train of parallel waves 
is traveling. 




Given that light seems to travel in straight lines, can we 
tell how fast it goes? Galileo discussed this problem in has 
Dialog ues Concerning Two New S ciences. He points out that 
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?: t leid Uo to conclude tnat L..i w\'pu- 



jation of light is 1 n ^tantaiu c im . Hut inosc experiences, 
wnen analyzed more closely, ieall. sb< * only that licjnt trav- 
els -ucn faster tnun sounu. For u'.^rlo, "w-m we see a A . MiSCef(tfrtt»US IcgW acttWtte* 
piece of artillery fired, at i <;reut uibtance, tne flasn 
reaches our eyes Mtncut luiSf of tine; out the sounu reaches 
the ear only after a noticeable interval." But ho-* do .si' 
really know that l:k light moved " without laj.se ot tine 1 un- 
less we have sone accurate ',<d\ of neuounnu the lapse of 
t lme? 

Galileo then described an experinert l^- 'hich the ^--i ecj cf 
liqht miuht be r.easured by tvo persons 'i.sUr.t lulls flash- 
1 nc7 lanterns. (Tins experiment is to be analyzed ir. J". 
He concluded that the speed of liaht is pro:>d<ly not infinite, 
but was not able to estimate a definite value for it. 



The first definite evidence that li'int rows at a finite 
speed was found by a Danish astronomer, Ole Homer. Ii Sep- 
tember 16 76, Romer announced to the Academy of Sciences m 
Paris that the eclipse of a satellite of Jupiter, vnich was 
expected to occur at 45 seconds after 5:25 a.m. on tne ninti. 
of November, would be exactly ten minutes late. On Novem- 
ber 9, 16 76, astronomers at the Royal Observatory in Paris, 
though skeptical of Romer's mysterious prediction, made care- 
ful observations of the eclipse and reported that it occurred 
at 45 seconds after 5:35 a.m., just as Romer had predicted. 

Two weeks later, Romer revealed tne theoretical basis of 
his prediction to the baffled astronomers at the Academy of 
Sciences. He explained that the delay in the eclipse /-'as 
simply due to the fact that light from Jupiter takes a longer 
or shorter time to reach the ea^th , depending on the relative 
positions of Jupiter and the earth in their orbits. In fact, 
he declared that it takes 22 minutes for liaht to cross tne 
earth's orbit. 

Shortly thereafter, the Dutch physicist Christiaan Huygens 
used Romer's data to make the first calculation of the speed 
of light. He combined the value of 22 minutes for liaht to 
cross the earth's orbit with his own estimate of the diameter 
of the earth's orbit. (This distance could be estimated for 
the first time in the seventeenth century, as a result of tne 
advances in astronomy described in Unit 2.) Huygens obtained 
a value which, in moderr "its,, is auout 2 ' 10 H meters per 
second. This is about two-thirds of the presently accepted 
value (see below) . The discrepancy *s mainly due to the fact 
that light actually takes only about 16 minutes to cross tne 
earth's orbit. As often happens, modern historians of science 



See n<$& or\"Romer ' 
in Articles section 



[Romer] the sage, who, studious 
of the skies, 

Heedful explores these latc- 
discoverod worlds, 

By this observed, the rapid 
progress finds 

Of light itself, how swift the 
headlong ray 

Shoots from the Sun's height 
through unbounded space, 

At once enlightening air, and 
Earth , and Heaven , 

David Mallctt, The Excursion , 
eighteenth century. 
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the article "Velocity ot 
Ln;ht M in Pro iec I Ph \ 1 i 



r,uVO cast sono d °^t on t'e exactness of Komi r ' s Calculation 
of the tine interval and on tno ouservation of the timu cf fit 
eclipse. Nevertneiess, the importance of Ronur's work was 
not so much that it led to a particular value of tne s: eod of 
liqht, but rither that it established that the preparation °" 
liaht is not instantaneous but takes a finite tno. 

The speed of light has been measured in many different ways 
since the seventeenth century. Since the speed is vor; hiah, 
it is necessary to use either a very lonq distance cr a vi r\ 
short time interval. The earlier methods were baseu on mea- 
surements of astronomical distances. In the nineteenth cen- 
tury, rotating slotted wheels and mirrors made it possible tc 
measure very short time intervals so that distances of a few 
miles could be used. The development of electronic uevices 
:n the twentieth century allows measurement of even shorter 
time intervals, so that tno speed of light is no-* known to an 
accuracy of better than 1 part in 10'. Because of tnu impor- 
tance of the speed of lignt in modern physical theories, phy- 
sicists are continuing to improve tneir methods of measurement 
oven though this speed is already one of th< most accurately 
known physical constants. 

As of 1964, the most accurate measurements indicate that 
the speed of light in vacuum is 299,792,500 meters P er second. 
The uncertainty of this value is less than 300 meters per sec- 
ond, or 0.0001*. The speed of light is usually represented 
by the symbol c, and for most purposes it is sufficient to 
use the approximate value c = 3 - 10" meters per second. 



Why can't a bean of light be made increasingly narrow by passing 
it through narrower and narrower slits? 

What reason did Romer h..vc for thinking that the eclipse of a 
particular satellite of Jupiter would be observed later than 
expec ted 7 

What was the most important outcome of Romer 's work? 




Two narrow beams of light, com- 
ing from the upper left, strike 
a block of glass. Can you ac- 
count for the other effects? 



133 Election and refraction . What happens when a ray of liynt 

travelinq in one medium (say air) hits the boundary of another 
medium (say qlass)? The answers to this question depend on 
whether we adopt a particle or a wave theory of light, and 
therefore give us a chance to test which theory is better. 

We have already discussed reflection and refraction from 
the wave viewpoint in Chapter 12, so we need only recall tne 
results obtained there. 

1) A ray may be taken as the line drawn perpendicular to 
a wave's crest lines; a ray represents the direction in winch 
a train of parallel waves is travelinq. 
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Summary 13 3 

/ U&na the wave, model ; tve can ex^^ mus as /was perpendicular io crest -lines the 
ana^e^of incidence ts equal to 1Pte anyle- of reflection , and when a wa\/e Ojoes nib a denser 
medium } its wuc/e^f^ and spe^eA decrease } and Ike ra\A is berit toward *"fce. normal 

2) In reflection, the angle of incidence (" ) is equal to 



the ancjle of reflection (' r )« 

3) Reiraction involves a change of wavelength and speed of 
the wave as it qoes into another medium. In particular,, when 
the wavelength decreases f the speed decreases, and the ray is 
bent in a direction toward a line perpendicular to the bound- 
ary. This bending toward the perpendicular is observed when 
a ray of light goes from air to glass. 



The incident, reflected and 
refracted rays are in a plane 
perpendicular to the surface. 





What duout the particle model? Newton pointed out tnat re- 
flection could not be simply tne result of the mpact of 
liqht particles against the particles of the reflecting sur- 
face. After all, a polished surface is only smootn to the 
aross sense ol human sight and touch. Looked at through a 
microscope, it shows endless hills and valleys* If particles 
of light actually hit such a crinkled suaacc they would be 





"FJI - XntroducMon *to optics 



scattered in all directions. To avoid this consequence, 
there must be (as Newton put it) "some feature of the body 
which is evenly diffused over its surface and by which it ac^s 



The surface of a mirror as it 
appears on an electro micro- 
graph.. The surface is a 3^ 
thick aluminum film prepared 
by vaporizing aluminum metal 
in a vacuum chamber. The mag- 
nification here is nearly 
26,000, (u stands for micron; 
where lu = 10" fj mefr) 



A Matching tndex of refraction 
A Making on (ce lens 



erJc 



£ Xf one ostre io use trie peptide mode] described by M&wTon ) he could explain raus as (ines 
alono^ which parKdes wove } equalttij of ariales of incidence and reflection would follow 
from conservation of momentum and er\erc\u\ wne* particles moved into a denser rned/um ) 
\foetr speed would increase and iPie rcuj he: berit (award /Pie normal to ike boundary 



li 



t ^ ""'J ^^TTT a wave, and a ^particle mcM > so frr, * thai accord™ 

to the, wa/e rncd*l tfce speed decrease* on aoima into a denser medwrn, *he^s acconPna 
to the, particle, ynodd } it increases. J J 

upon the ray withrut l^cdme contact." n[ lVl0 u$^v, this 
force or "power" was one wn.ch re^elloa the particles , f 
0 liqnt. A similar power, which attracted li int tarti;}o S 1; - 

stead of repelling then, could bo used to oxilur. refracti..; . 
t As a : article of light approaches a boundary of anctm i m. .u- 

uti, it would first nave to penetrate the repulsive ; o*ox ; it 
it did that, it would then meet an attractive poei in t... 
medium wnich would pull it into tne medium. Sine t.u it- 
tract ive force would a vector *ith i component in t..t ui- 
roction of tne original motion of the i\r ; , tin ligiu iai*i.-U' 
speed *ould increase. If the ra\ were moving at ,m n.inja, 
* angle to the boundary, its direction would chanjt in the ru - 

dium toward tne lire perpendicular to the boundary. 



4) 

Newton's particle imdel: 
repelling forces would c luse 
reflection, attracting forces 
would cause refraction. 



OPTICKS: 



OR, A 

TREATISE 

o i [ in 

REFLEXIONS, REFRACTIONS 
INFLEXIONS and COLOURS 

LIGHT. 

.ALSO 

Two TREATISES 

0 V THE 

SPECIES and MAGNI1 Uu f. 

OP 

CurviJincar Figures. 



' 0 A DOA, 

Hunted tor Sam Smith. jn J BtKV Waligid, 

I'ij/i!cr% to t?ic Koval Stx'ctv , at tl.c > J/mi m 
5>t /. Chjfih)iid \TdCCI\ 



Title page from the first 
edition of Newton's Optuks , 
in which he described his 
particle model . 



According to the particle model, therefore, we can make 
the following predictions about reflection and refracticn. 

1) A ray represents the direction in which th<> pirtioles 
are novinq. 

2) In reflection, tne angles of incidence and refleetK;; 
are equal. This prediction can be derivtd from tne La., o: 
Conservation of Momentum (Chapter l J ) a: tiled to the u.U t 
ict ion of the -rticlri, ' rth the iruh-jw : c uei e! tin 

med i un - (Sec 1 3 . U 1 . ) 

3) Refraction involves a cnaiige of sp< #-d of t:u j article;, 
as they go into another medium. In raiticulur, when ar. at- 
tractive power acts, the spued increases and the ray is um 
into tne medium. 

Comparing these features of the particle model w i th t*u u»i- 
respondmg features of the vivo model (above), we see tnat tne 
only difference is in the relation between, speed and retrac- 
tion of a ray. When we observe that a ray is Lent touaru tne 
perpendicular on gomcf into another medium— as is the case 
for lioht going from air into water— then the particle tneciy 
predicts that Ught has a higher speed in the second redi-ir, 
waerqas the wave theory precu that light has a lower sjeed. 

You micrht think that it would be fairly easy to devise an 
experiment to determine which prediction i S correct. All one 
has to do is measure the ^oeed of light in water. However, 
in the late seventeenth and early eighteenth centuries, when 
the wave model was supported by Huygens and the particle model 
by Newton, no such experiment was possible. Remember tnat at 
that time the only available way of measuring the speed of 
light was an astronomicaj one. Not until the middle of the 
nineteenth century did Fizeuu and Foucault measure the spoeu 
of light in water. The results agreed with the predictions 
of the wave model: the speed of light is lower in *ater tnan 
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jr. air. Bat by the tiro these rxpcr'.ronts were corn , mo« 
physicists had a 1 roach accepted tue wave model for other 
reasons (see below) . The Foucau 1 1 - Fi ? eau exper merits of 
18b0 were qenoral ly reqarded as driving the last nail in 
the coffin of the particle theory. 



\ Wh.it evidence showed conclusively th.it Nekton's particle model 
ol refraction wis not valid for light? 

< ,r If light has a wave nature, what changes take place in the 
speed, v* ivelength and frequency of light passing from air into 
water 7 



13 4 lntriferer.ee and di f f r act i on . Tiom trie time of Nekton, until 

the earl\ years of the nineteen., century, the particle theory 
< f 1 i *nt Ass favored by most physicists, largely because of 
t ■ i ( j r«':»ti'?o of Nt^ton. Iarl\ in the nineteenth century, now- 
i«Vir, tne wave tneory was revived by Thomas Younq . He found, 
m. experiments made between 1802 and 180-3, that light shows 
t n< :uienomenon of inter f erence . Interference pattern? have 
!-c t n discussed in Sec. 12.6 in connection with water waves. 
°uch :»atteins could not easily be explained by the particle 1 
t'li-r'; cf liqht. Young's famous "doub 1 e-s 1 1 1 experiment" 
ir«vided convmeinq evidence that 1 iqht has properties that 
can only be explained in terms of waves. 

When a bean of liqht is split into two oeams , and tne 
split beams are tnen allowed to overlap, we fines t.iat tile 
two wave trains interfere const ruct l ve ly m seme places ana 
destructively in others. To simplify tne interpretation of 
tr.i experiment, we will assume that tne liqnt nas a smjle 
definite wavelength (Young's original experiment was ucne 



£"3P* • Younas fixperime^it 



Thomas Young (177 3- 1829) was an 
English linguist, physician and 
expert in many fields of science. 
At the age of fourteen he was 
fimiliar with Latin, Greek, He- 
brew, Arabic , Persian, fronch 
and Italian, and later was one 
of the first successful workers 
at decoding Egyptian hierogly- 
phic inscriptions. He studied 
medicine in Englind, Scotland 
and Germany While still in med- 
ical school he nude original 
studies of the eye, and liter dc^ 
veloped the first version of what 
is now known as the three -co lor 
theory of vision. He also did 
research in physiology on the 
functions of the heart and ar- 
teries, and studied "he human 
voice mechanism, through which 
he became interested in the 
physics of sound and sound waves. 



. i t n sun 1 i jht , wn id 



Newton had already sho-'n, is a mix- 



tuie cf waves of different wavelengths.) 

1 hernias Youn>> ' s oi lginal drawing showing inttifittiKt effects in over- 
lapping waviS. Place the eye neat the left edgi and sight ai a gia/,- 
HV anglr a lory the diagiam. 




mm 




'AjI 





Young then turned to optics, and 
discovered that Newtcn's experi- 
ments with light could be ex- 
plained in terms of waves. This 
conclusion was strongly attacked 
by some scientists in England 
because of the suggestion that 
Newton might be wrong. 



See tfoung's paper "Experiment 
and Calculations Relative to 
Physical Optics" in Pro j ec t 
Phybiis Reader 4. 
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I Youna in his double, -slit experiment 
(nte/fer&rvze . tie, could also calculate 



showed 1hat hcjf^t exhibits property 
1he wavelength of litykt from experiment 
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7 ~ ne " l^esw ,,nt-r*» C e, proposed me wave Vhoov^ , M tbtsson vo.ntecf o*< W 

was aciually ^ nc { ( fc prodded additional avdenoe {hr Me wave tHeor^ 



A polaroid photngiaph 
t.iki'n thiough a Project 
Physics magnifier placed 
ibdit 30 (in behind a 
pur of c losely sp.it ed 
slits. The slits were 
1 1 1 ununited wi th a 
narrow but bright light 
s ou i c e . 





'hriadth ei the imbibitions" 
u an . t he *avi li nw t h 



Henry Brougham, a British politi- 
cian and amateur scientist, wrote 
in rh e Kdinburgh Review in lKOJ: 
"this paper r by Young 1 contains 
nothing which deserves the name, 
eithei of experiment er discov- 
ery, md .. is in fact destitute 
vf every species uf merit ...We 
wish ti« • -i.se (uir feebh voice 
against tmv it ns , that c in 
have no ut er effect than to 
checP tK } regress of science, 
»nd renew all those wild phan- 
to ,s ol the inagiit.it li n ulu h 
Haon and Ne*o<n put t- flight 
f roT } er ten\ le ' 



Young allowed suniia.nt to f.ill on a pi.nboie ; u: , :., r. . r. a 
screen. The emerging Lint frcr uis "s< urce" s:i.,d , it : 
diffraction and fell on two : mholos : unohej near racn cr.ei 
(at a distance d apart) in a second Screen. A:a:n, aiftnc 



1 1 on occur ri 



in a 



spherical *<n 



l* a c h 



• Mil 3 » 
We a 1 i 1 



ss read out into the s; ace i cyond the second scieen, 
terferor.ee pattern can then he seen Miore tr.e ligbt 
third screen. Where interference is constructive, 
a briant region. Where interference is destructive 
cet a uark region. 

By measuring the distance between suav^suv bright 1 j n. 
in the .M.rf.rcnco pattern, we can calculate the wavelength 
of the .iqnt. The formulas needed for this calculation were 
derived in Sec. 12.6. 

Tne fact th^ ioung could actually find experimental values 
for the wavelength of light was additional evidence in favor 
oi the wave theory. Here is his result: 

From o comparison of various experiments, it appears 
that tne breadth of the undulations constituting the 
extreme led lijht must be nip; osed to l>l , m air ei < ut 
one 36 thousandth of u n inc., and tnose of the extreme 
violet iitout one (>0 thousandth, the means nf tn«- i, 
•ijfotrun, witn res: ect to the irtousitv oi lio-nt, /e:: : 
i'ne 4 r j thousandth. 

Wnen v 0 ung mnounced his nev results s-u, :rrt:n; tne a"«- 
ti.eory of light, he took special ;ams tc now tsat N'o.un 
ni-self had made several statements favoring the wav< tJac ;/ 
ev.-n thougn he was generally cor.o 1 der erj a suj m rti r ci tn? 
: article thecry. Nevertheless, You.ng was r.ooivu 1 1 n rpj;- 
mile and even hostility i\ t :.<■*< i'.riti'u '.our.tiM u „ 
Newton's r.,ime wis sacred. It was not until 181 ri, . s. 
Trt ncn : nysicist August m Pi i e] jrcp^o a rati.* < a: : 
wave theory of his own, that Young's research. : t t h« 
it deserved. Fresnel also had to submit his work !tr 
to a <:roup of physicists who were alreaoy ccmmittod tc 



t : < 

, 1 1 

i : : r < v 



ut i c 1 < 



t neoj • 



Tne i re 



; nysicii.ts, 



W( "( I , t . 



U J .'it 



tne i article thecry ce ' cl ne | roved correct Oy "Mt niM'-r, 
r.ither than b / arpeaUnn to the authoritv 4jr . ! r ilis»i sci 
er.tist CVwtoi ) . n m - -f them, the brilliant ma t 'a - at i c i an 
rx^-n ioisstn, tcoK Tresnel's *ave hju.-ti'i.v a;.U j,hc-*» J thit 
if tiiese e'juatir.ns really did describe tne :o M ,v. -r <\ \\y k \ 
a v(>ry peculiar thing ought tc iiaiten . n a -all disK is 
placed in a bear of light. A screen ; K,cec: behind the o.ls.. 
should hove a briaht spot in the center of the <,huoow, \ e- 
cause dlflractKMi of the light waves arounc: tne ed-je ol the 
diok should lead to constructive interference at the center. 
Aeecrduv; to the particle theory, there could be no such 
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bnoht sp( t . Si i. re sucn a bnqht spot had never been ob- 
prrvc'i, «n.f? furt rerrc re the idea of a briuht spot in the 
cor.tir f t a s*:a :r* was ksurd, Poisson announced alccfjll' to 
Fro«r.ci that he had refuted the wave theorv. 



Fresno! accepted the challnae anc arranyeti for this pre- 
dicts:, to be test»><: by t xpcrintnt ir.net:: a t elv . The result: 
there u.is tl i r u:M * j ot ir. the center of the shadow, as pre- 
(.ict<d b^' Poison o:, t:u* bdM^ of Preir.el's wave theory. 




Augustin Jean Fresnel (1788-1827) 
was an engineer of bridges and 
roads for the French government. 
In his spare time he carried out 
extensive experimental and theo- 
retical uork in optics. Fres- 
nel developed a comprehensive 
wave model of light that success- 
fully accounted for reflection, 
refraction, interference and 
polarization. He also designed 
a lens system for lighthouses 
that is *till used today. 



Diffraction pattern due to an 
opaque circular disc showing the 
Polsson bright spot in the cen- 
ter of the shadow. Note also 
the bright and .dark fringes of 
constructive anr' <!t*st r-K t ive 
interference 



/ v n ,r i. * 1 \ • calico <M t:ie Youn<f douole-sl 1 1 cx- 

i *>"<:A ii.ii f.e P isi^'ii I'ilit s.s ct .vji> realized, support 
' • r t:;< : article t:ieory of li.jht u-saii to crunl le a'.. ay. hy 
lH''j * ' . j wtlicit^ '1 the wave model was Generally accepted, 
• M • ! - 4 sicist ■ : o'jan to coiieen t r at e on '..ork.ina out tne nat..t - 
■Mticil cc :.s« -ibeiices of this rodel and its application to all 



* * i *. r.t * i < i i i tic 



it . 



11 w die' Young's experiments support the wave model of light 0 

In whit way is di{ traction involved in Young's experiments? 

What rfiarkuble phenomenon was shown by Poisson to be predict- 
able on the basis of Fresnel *s wave theory 7 
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Loss of Detail Through Diffraction 





The phoUv: ipi> 4 n ( j t 
shows the diin.vtij 
a point sourt,. « ] u |. 
£rac t ion by th* a: i i » 
openin., has spi, , u j t j, ( 
energy uit o a bn, ht L , 
disc surrojiuicJ b> alt« 
dark and bright rin. s. 
photographs bi«h.u sho* 
of point soui i.s, r u i 
through a pr*>;n »^iv, }% 
and sin- Her hole. Ih, 
could represent a ,tai 
surface detail on r. ir 
in living cells or si-p 
specific points on son, 



» 1 . 1 
Li i 

U.i 
a*' .i! 



a: : i > 
^ 1 . : 
. i i* 
K 

■b i. 



t , 



We obtain must of th< int v - 
Hon about ui! ( nvnop-. m 
means of wavts (li>ht 
ridio, etc.) which u* \« 1 i', 
through i holi ; the p-jpi 1 , 



the eye, the enti in 
l>Jr ' tlu« apei ture uf „ 
.el esc ope or i jdiu U 1, 
etc. The dif fi Ktion * 



waves from the 



•d>., s 



- 1 



hole limits the d, t >il < f 2 
mat ion that it is p«. ; s X bl< 
receive. As the hoi, t , . 
which we Obseive tin i! > ( y 
the left becomes sn ill, i , t 
diffraction ima t ;t o* i K h p 
spreads o»Jt and be f ;tiv 
lapping the diff: utu.n i-',, 
of other points. Whin the , 
fraction p atoms for tin p, 
overlap suf f ic I i-ntl \ it i<- 
impossible to Jistm, u:sh 
between them. 



; j 1 - 

■ in? 



^ • • " ft * 
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a a s 



• > for our 
t.h; stone 

lc theory of 
ir.til then, 
ha*d Leon ad- 
hased the i r 

i today, a 
fror the 

l lgrent can 
jht . In early 
sun was "pure 
or cane from 

as st : 11 a 

to construct 
re dc Jects of 
. s surrounded 
perhaps in 
that ~ e beaan 



SummartA /3 5 

I Hewton showed that white, Uojit 
is made up cf liqht of rnaniA 
Colors . When "these different 
Conors of [[ojrit arc separated by 
passing h<j<fc through a prism , 
tneu axn\-wt be further seporoied, 
but can be reoomfaned ib form 
white- itql^t by appropriate, use 
*f another prism 

£ Uewton, explained ir)dt objects 
have definite, colors because even* 
object absorbs and reflects, in 
a particular waxx , the, various 
colored rajjs that strike ft. 

3 Newt&ns ipieoru of colors was 
attacked ha \\o^z } and letter 
in the n^^Je^nth. century by 
Q o&ftie, } but it aained 1Pie 
adrmrdtion of manv\ e>\qk!ee>itr\ 
century poets . 



•„ a theorv of 
• ^ - - 1 1 o n s of The 
vul I isred scien- 



?c:er. 



: ic 



wr.ich time I f 
lasses of other 
riaraular glass 
erc^na of 
k e n e d m v c h a m - 
ir.ic w s h a t s , : o 

li7ht f I 

r lcjr.t thereby 
s at first a 

a".d intense 



t: u Jircular open- 
er f posite wal 1 
■ violet at one 
-relation of 
lers, N'ewton in- 



* h»* colors come , 
t* u j atch rather 
f" r it ssed t he 
' iss, cnanaed 
r 1 .vci tne pr i > n 
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7f?fs micjirf Seem odd] 
but it is ihe extreme, 
rays whocU ore be*na 
illustrated, . 




This drawing is similar to 
Newton's diagram of the refrac- 
tion of white light by a prisir. 

Instead of the image of the sun , some unevenness or irregularity in the 
being circular, it was an oblong 

spectrum, he passed the colored rays from onp prism through 
a second prism turned upside down. 



outside the window. But he found that none of these changes 
in conditions had any effect on the sr -am. To test whether 

s produced the 



patch of colored light having 
straight parallel sides and 
semi-circular and rather fuzzy 
en^s. 



As boggested in the diagram, 
the recombination of colors is 
not complete. Newton himself 
noted: 

"The prisms also must be placed 
very near to one another; for if 
their distance be so great, the 
colours begin to appear in the 
light, before its incidence on 
the second prism, these colours 
will not be destroyed by the 
contrary refractions of that 
prism." 



A* Color vision by ContraST 



If some irregularity in 
the glass was responsible 
for spreading out the 
beam of light, then pass- 
ing this beam through the 
second prism should spread 
it out even more. Instead, 
the second prism,, when 
properly placed, served to 
bring the colors back together to form a snot of white light, 
as if the light had not passed through either prism. 

By such a process of elimination, Newton convinced himself 
of a belief that he probably had held from the beginning: 
white light is composed of colors. It is not the prism that 
manufactures the colors; they were there all the time, but 
mixed up so that they could not be distinguished. When white 
light passes through a prism, each of the component colors is 
refracted at a different angle, s o that the beam is spread 
i~ito a spectrum. 

As a further test of his hypothesis, Newton cut a small hole 
in a screen on which a spectrum was projected, so that light 
of a single color could be separated out and passed through 
another prism. He found that the second prism h-i no further 
effect on this single-color beam, aside from refracting it 
again. Once the first prism had done its 30b of separating 
out the colored components of white light, the second prism 
could not change the color of the components. 

Summarizing his conclusions, Newton wrote: 

Colors are not Qualifications of Light derived from 
Refraction or Reflection of natural Bodies (as 'tis 
generally believed) but Original and Connate Proper- 
ties, which m divers Rays are divers. Some Rays 
are disposed to exnibit a Red Colour and no other; 
some a Yellow and no other, some a Green and no 



Gfofj sticks are manufactured utter fluTed or bulqtnq uxtk rmnoj comers like a dub 
one of these stick? is placed obtiquetu in -(Pie patU tf-fce suns J raiAS it se»ds bcvk ' 
fie oo(<?r cohtch (S c^ntfo be seen tnihe rainbow se^ca ; s#^c^ap 
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other, and so of the rest. Nor are there only Rays 
proper and particular to the more Eminent Colours, 
but even to all their intermediate gradations. 



Apparent colors of objects . So far Newton had discussed 
only the colors of rays of light, but in a later secti m of 
his paper he raised the important question: why do objects ^ 

„ „. ^. , , fcU _ colored alass Vxas Vn& same 

appear to have certain colors? Why is the sxy blue,, the grass ^ . . n . , 

FF color as me. I (ant reftecTeol 



r i ofift colors are bodiA colors , 
pr^uce^ by selective; absorption 
of luqht which penetrates a vvaj^s 
/Kite ffce s^r-pace before bewq 
scattered hack "7fii6 ex^latn^ 
1he, light Iransmitfed by 
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green, a paint-pigment yellow or red? Newton proposed a very 
simple answer-: 

that the Colours of all Natural Bodies have no other Ori- 
gin than this, that they ... Reflect one sort of Light in 
greater plenty than another. 

In other words, a red pigment looks red to us because when 
wh^te sunlight falls on it, the pigment absorbs most of the 
rays of other colors of the spectrum and reflects mainly the 
red to our eyes. 

According to Newton's theory, color is not an inherent pro- 
perty of an object itself, but depends on how the object re- 
flects and absorbs the various colored rays chat strike it. 
Newton justified this hypothesis by pointing out that an ob- 
ject may appear to have a different color when a different 
kind of light shines on it. For example, if we snine blue 
light on a pigment that usually appears red, the pigment will 
reflect a little of the blue light, and since there is no red 
for it to reflect, it will appear blue. Newton wrote: 

I have experimented in a dark Room, b\ illuminating 
those Bodies with uncompounded [pure] light of divers 
Colours. For by that means any Body may be made to 
appear of any Colour. They have therefore no appropri- 
ate Colour, but ever appear of the Colour of the Light 
cast upon tnem, but yet with this different, that they 
are most brisk and vivid in the Light of their own 
Day-light Colour. 

Nowadays it is a familiar observation that clothing of certain 
colors appear.; different under artificial light and in sun- 
1 ight. 

Reactions to Newton's theory . Newton's theory of color 
met with violent opposition at first. Other British scien- 
tists, especially Robert Hooke,, objected that postulating a 
different kind of light for each color was unnecessary. It 
would be simpler to assume that the different colors were 
produced from pure white light by some kind of modification. 
Hooke,, for example , proposed a color theory based on the wave 
model of light: ordinarily, in white light, the wave front 
is perpendicular to the direction of motion. (See Sec. 12.5 
for a definition of wave front.) Colors are produced, accord- 
ing to Hooke, when refraction by another medium twists the 
wave front sOjthat it is no longer perpendicular to the direc- 
tion of motion. 

A Properties 1fte hunrrxan &ye 



firom it Tfitn rnetaUo -films 
nowever , have "surface color y 
Y&Sultiria -frorr\ selective, reculac 
reflection . Ihus ~the transm^ed 
liaht will be, i^e complement of 
me reflected l<<jlit . for example ; 
tfce Itght thansmiWed by a thtn 
-fdm of add & bluieh- cyreerx ) 
wM<z iPrat reflected is yellow 
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Newton was aware of the fallacies in Hooke's theory, but 
he disliked controversy and did not attack it publicly. In 
fact, he waited until after Hooke's death in 1703 to publish 
his own book, Opticks (1704), in which he reviewed the proper- 
ties of light and matter. 

Although Newton's Principia was a much more important work 
fro:i. a scientific viewpoint, his Opticks had considerable in- 
fluence on the literary world. English poets, celebrating the 
discoveries of their country's greatest scientist, were dimly 
aware of the significance of Newton's theory of gravity, but 
could not grasp the technical details of the geometric axioms 
and proofs of the Prxncxpia . But Newton's spectrum of colors 
provided ample opportunity for poetic fancy: 

First the flaming red, 
Springs vivid forth; the tawny orange next; 
And next delicious yellow; by whose side 
Fell the kind beams of all-refreshing green. 
Then the pure blue, that swells autumnal -kies, 
Ethereal played; and then, of sadder hue, 
Emerged the deepened indigo, as when 
The heavy-skirted evening droops with frost; 
While the last gleamings of refracted light 
Died in the fainting violet away. 

{James Thomson, "To 1 ne Memory of Sir Isaac Newton" 
(1727) .} 

Newton's ideas are also evident in a poem on the rainbow: 

Meantime, refracted from yon eastern cloud, 
Bestriding earth, the grand ethereal bow 
Shoots up immense; and every hue unfolds. 
In fair proportion running from the red 
To where the violet fades into the skv . 

Here, aw(ejful Newton, the dissolving clouds 

Form, fronting on the sun, thy showery prism; 

And to the sage-instructed eye unfold 

The various twine of light, by thee disclosed 

From the white mingling blaze. 

{James Thomson, "Spring" (1728).] 

Leaders of the nineteenth-century Romantic movement in 
literature, and the German "nature philosophers," did not 
think so highly of Newton's theory of color. The scientific 
procedure of dissecting and analyzing natural phenomena by 
experiments was distasteful to them. They preferred to 
speculate about the unifying principles of all natural forc- 
es, in order to grasp nature as a whole. The German pnilos- 
opher Friedrich Schelling wrote in 1802: 



Newton's Opticks is the qreatest illustration of a 
whole structure of fallacies which, in all its parts, 
is founded on observation and experiment. 



The foremost German poet, Goethe, spent many years trying to 
overthrow Newton's theory of colors, both by his own experi- 



13 6 



ments and by impassioned arguments. Goethe insisted on the 
purity of white light in its natural state. To the nineteenth- 
century physicists who were trying to use Newton's theory to 
explain newly-discovered color phenomena, he addressed the 
following poem: 



May ye ch }p the light in pieces 
Till it hue on hue releases; 
May ye other pranks deliver, 
Polarize the tiny sliver 
Till the listener, overtaken, 
Feels his senses numbed and shaken — 
Nay, persuade us shall ye never 
Nor aside us shoulder ever. 
Steadfast was our dedication — 
We shall win the consummation. 



7)o k?Ut dc*$pt$e reason and saenoe 
The fatgke&r of mans powers, 
Ayxd ipiou art yrun€ for sure [ * 

QoerTH^ , v*?y4s ascribe To iptt Vev\(, 



Goethe rejected Newton's hypothesis that white light is a 
mixture of colors, and suggested that colors are produced by 
the interaction of white light and its opposite (or absence) , 
darkness. Although Goethe's experiment', on the perception of 
color were of some value to science, his theory of the phys- 
ical nature of color did not survive the criticism of physi- 
cists. Newton's theory of color was firmly established, even 
in literature. 



A: foiSSonS Spot 



Q9 How did Newton show that white hr^ was not "pure' ? 

Q10 Why could Newton be confident that green light was not itself 
composed of different colors of light? 

Ot1 How would Newton explain the color of a yellow coat? 

Q12 Why was Newton's theory of color attacked by the nature 
philosophers 9 

6 Why is the sky blue ? As Newton suggested, tne apparent col- 
ors of natural objects depend on which color is predominantly 
reflected by the object. But in general, there is no simple 
way of predicting what colors an object will reflect. This 
is a difficult problem, involving the physical and chemical 
properties of the object. However, the color of the sky can 
be explained fair]y simply if we introduce just one more fact 
about color: the relation between color and wavelength. 

As Thomas Young found in his two-slit experiment (Sec. 13.4) 
different colors have different wavelengths. To specify the 

o o 

wavelength of light a special unit is used — the Angstrom (A)/ 
equal to 10~ Aj meter. The range of the visible spectrum is 

o o 

from about 7000 A for red light to about 4000 A for violet 
light. 

Newton found that rays of different colors are refracted 
by different amounts as they go through a glass prism. Since 
we know that waves are refracted when they go into a medium 
in which their speed is different, we can conclude that the 



SummariA IS 4 

/ ViQerdnt colors correspond 
to different wavelengths , 
rtWtyac^ §rz>m 7ooo A for red 
to 4,000 A -for violet . 

£ ■ Whon waves are. Scattered ha 
relatively small obstacle* 7 Tfre 
ionqejr The u/atselenattx compansd 
to iUe St*** offae object, the less 
wave, is scattered 

3 Slue liokt is mcwe, stronQlut 
Scattered \ou paAicJeS \*\ the cur 
fnayi r&d light } iher>zfonz 1fce, 
'sky appears bkxe>. 

o 

The Angstrom is named after 
Andeis Jonas Angstrom, a Swedish 
astronomer who, in 1862, used 
spectroscopic techniques to 
detect the presence of hydrogen 
in the sun. 
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The scattering of different 
colors by a tiny obstacle is 
shown here for wavelengths 
representing ,ed, green and 
hlue light 



An observer looking at a sunset 
is receiving primarily unscat- 
tered colors such as red; where- 
as if the observer looks overhead 
he will be receiving primarily 
scattered colors, the most dom- 
inant of which is blue. 



speed of light in glass depends on its wavelength. 

The s cattering of waves by small obstacles also 
depends on wavelength. T his fact can be demon- 
strated by experiments with waves m a npple tank. 
As a general rule, the longer a wave is compared 
to the size of th e obstacle, the less i t is scat- 
tered by the obstacle. For light, calculations 
show that the amount of scattering decreases as 
the fourth power of the wavelength. This means 
that, since the wavelength of red light is almost 
twice the wavelength of blue light, the scattering 
of red light is only a little more than l/16th as 
much as the scattering of blue light. 

Now we can explain why the sky is blue. Light 
from the sun is scattered by air molecules and 
particles of dust or water vapor in the sky. 
Since these particles are usually much smaller 
than the wavelength of any kind of visible light, 
we can apply the general rule mentioned above, 
and conclude that light of shorter wavelengths 
(blue light) will be much more strongly scattered 
from the particles than light of longer wavelengths. 
The rays of longer wavelength (such as red) are 
not scattered very much, and they reach our eyes 
only when we look directly at the sun — but then 
they are mixed with all the other colors. 

If the earth had no atmosphere,- the sky wo'H 
appear black and stars would be visible ny day. 
In fact, starting at altitudes of about ten miles, 
where the atmosphere becomes quite thin, the sky 
does look black and stars can be seen during the 
day; this has been confirmed by reports and 
photographs brought back by astronauts. 

When the air contains dust particles or water 
droplets as large as the wavelength of visible 
light (about 1C" 6 meter), other colors than blue 
may be strongly scattered. For example, the 
quality of sky coloring changes with the water- 
vapor content of the atmosphere. On clear, dry 
days the sky is a much deeper blue than on clear 
days with high humidity. The intensely blue 
skies of Italy and Greece, which have been an 
inspiration to poets and painters for centuries, 
are a result of the drier air over these 
countries . 
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Unusual events that change atmospheric conditions can pro- 
duce strange color effects. On Auqust 27, 1883, the volcano 
Krakatau (on an island between Sumatra and Java) exploded, 
making a hole 1,000 feet deep. The explosion was heard 
2,500 miles away, and created ocean waves which killed 35,000 
people. Tor months afterwards, as a layer of fine volcanic 
dust spread through the earth's atmosphere, the world wit- 
nessed a series of unusually beautiful sunrises and sunsets. 

How does the scattering of light waves by tiny obstacles 
depend on the wavelength 7 

How would you explain the blue color of the sky 7 

13 7 P olarization . How could Newton,, who made major discoveries 
in optics as well as in many other areas of physics, have 
refused to accept the wave model for light? Actually Newton 
did not reject the wave theory. He even suggested that dif- 
ferent colored rays of light might have different wave- 
lengths, and used this idea to explain the colors observed in 
thin plates and bubbles. But Newton could not accept the 
proposal of Hooke and Huygens that light is just like sound 
— that is, that light is nothing but a spherical pressure- 
wave propagated through a medium. Newton argued that litfht 
must also have some parti cle- like properties. 

Newton mentioned two properties of light which, he thought, 
could not be explained without attributing particle properties 
to lignr. First, light is propagated m straight lines, 
whereas waves spread out in all directions and go around cor- 
ners. The answer to this objection could not be given until 
ejrly in the nineteenth century, when Young was able to mea- 
sure the wavelength of light and found that it is much smaller 
than Newton had supposed. Even red light, which has the long- 
est wavelength of any part of the visible spectrum, has a 
wavelength less than a thousandth of a millimeter. As long 
as light only shines on or through objects of ordinary size 
— a few centimeters in width, say— light will appear to travel 
in straight lines. Diffraction and scattering effects don't 
become evident until a wave strikes an object whose size is 
similar to its own wavelength. 

Newton's second objection was based on the phenomenon of 
"polarization" of light. In 1669, the Danish scientist 
Erasmus Bartholinus discovered that crystals of T celand 
spar had the curious property of splitting a ray of light 
into two rays. Thus small objects viewed through the 
crystal looked double. Huygens discussed the "double 
refraction" of light by Iceland spar in his treatise on 
liaht, but could not exp 1 ain it satisfactorily with his 



The following quotation is from 
a letter written by Vincent Van 
Gogh and refers to Aries in 
Southern France: 

. .nature here being so extra- 
ordinar i ly beautiful Everywhere 
and all over the vault of heaven 
is a marvellous blue, and the sun 
sheds a radiance of pale sulphur, 

. it absorbs me so much that I 
let myself go, never thinking of 
a single rule. 




/ce/and Spar Crysta\ 
Double Refraction 
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Summary 13 7 
I NewfoP? aryued 1Piat light 
could not consist of waves, hke 
Sound } for two reasons . -first 



wave model. However, he did find that one of the rays 
refracted by the crystal can be split agam if lt strikes 
another crystal of Iceland spar, but is not split for 
certain orientations of the second crystal. 

To Newton it was clear that this behavior could only be 
explained by assuming that the ray is "polarized." That is, 
the ray has "sides" so that its properties de^ ±nd on its 
orientation around its axis. This would be easy enough to 



I i ^ ,-«.#' ; . XL -=> dWb - wouia oe easy enough to 



but rather mysterious if light is a wave motion, 
pointed out , 



As Newton 



doesrxt go around Corners, 
Second, light can be polarized 
The* 'first objection is overcome. 
biA retting fiat foe «m*ten$h For Pressions or Motions, propagated from a shining Body 
Of Ugwi is Small So diffraction through a uniform Medium, must be on all sides alike- 

* ' whereas by those Experiments it appears, that the Rays 

of Light have different Properties in their different 
sides . 



effects are not usually observed 
wWi tight strike* larye objects 

3 When it was reooojni^ed ( by 
youncj and Treenei ) around IV Ao) 
ifcat light waves are, transverse , 
raPuzr than lonaitudinoxi f rt was 
possible to exptektn polar ixofton 
of light hy the wave theoru. 



[Newton, O p ticks Query 28. 



The answer to this second objection to the wave model for* 
light also had to wait until the beginning of the nineteenth 
century. Before then, scientists had generally assumed that 
light waves, like sound wavesV must be longitudinal . But 
around 1820, Young and Fresnel showed that light waves are 

wfyZZft Sff* probably t -^^- Tta " ° f <»•»- 

directions ization was the major piece of evidence for this conclusion. 



In Chapter 12, we stated that in a transverse wave, 



fb I can zed Uofnt activities 




the 

j/C motion of the medium itself is always perpendicular to the 
direction of propagation of the wave. That does not mean 
that the motion of the medium :s always in the same direction; 
it could be along any line in the plane perpendicular to the 
I direction of propagation. However, if the motion of the me- 

dium is predominantly in one direction, for example, vertical, 
we say that the wave is polarized. (Thus a polarized wave is 
really the si mplest kind of wave; an unpolarized wave is a 
more complicated thing, since it is a mixture of various 
motions . ) 



Double refraction by a crystal 
of Iceland spar. The incident 
light is termed "unpolarized," 
but in effect consists of equal 
intensities of vertically and 
horizontally polarized light. 
T he crystal separates these two 
components, transmitting them 
through the crystal in different 
directions and with different 
speeds . 



In 1808, Etienne Malus, a French scientist, noticed that 
when sunlight reflected from a window passed through a crystal 
of Iceland spar, only one ray of light came through instead of 
two. It is now known that light can be polarized by oblique 
reflection; the reflecting surface absorbs waves that vibrate 
in one direction and reflects those that vibrate in the others. 

Scientific studies of polarization continued throughout 
the nineteenth century, but practical applications were 
frustrated because polarizing substances like Iceland spar 
were scarce and fragile. One of the best polarizers was 
"herapathite, " or sulfate of lOdo-qu mine , a synthetic 
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crystalline material which transmits polarized l.gnt of all 
colors with almost no absorption. The needle-like crystals 
of herapathite absorb only light which is vibrating in the 
direction of the long axis. Herapathite was discovered by an 
Enqlish physician, William Herapath, in 1852, but the crystals 
were so fragile that there seemed to be no way of using their. 

In 1928, Edwin H . I^and, a student at Harvard, invented a 
polarizing plastic sheet he called "Polaroid.' 1 His first 
polarizer consisted of a plastic film in which many micro- 
scopic crystals of herapathite are imbedded. The crystals 
are needle-shaped, and when the plastic is stretched they 
line up in one direction, so that they all polarize light 
in the same way. Later, Land improved Polaroid by using 
polymer. c molecules composed mainly of iodine in place 
of the herapathite crystals. 

The properties of Polaroid are easily demonstrated. Hold 
the lens of a pair of Polaroid sunglasses in front of one eye 
and look at a shiny surface or light from the blue sky. Ro- 
tate the lens. You will notice that, as you do so,, the light 
alternately brightens and dims; you must rotate the lens 
through an angle of 90° to go from maximum brightness to maxi- 
mum dimness. 

How does the polarizer work? If the liyht that strikes 
the lens is polarized mainly in one direction, and if this 
direction happens to coincide with the direction of the long 
molecules, then the wave will be absorbed because it will set 
up vibrations within the molecules, and lose most of its 
energy in this way. However, if the wave is polarized mainly 
in a direction perpendicular to the direction of the mole- 
cules, it will go through the lens without much absorption. 
If the light that strikes the lens )s originally unpolarized 
— that is, a mixture of waves polarized in various directions 
— then the lens will transmit those waves that are polarized 
in one direction, and absorb the rest, so that the trans- 
mitted wave will be polarized. 

Interference and diffraction effectc seem to require a 
wave model for light. To explain^ polarization phenomena, the 
model has to be babed on transverse waves. Thus we conclude 
that the model for light which best explains the characteris- 
tics of light considered so far is one which pictures light 
as a transverse wave motion. 



ants, too 

The bee's eyes are sensitive to 
the polarization of daylight, 
enabling a bee to navigate b> 
the sun, even when the sun is 
low on the horizon or obscured. 
Following the bee's example, 
engineers have equipped air- 
planes with polarization indi- 
cators for use in arctic legions. 



See "Popular Applications ol 
Polarized Light" in Pro jec t 
Phvsics Reader 4. 




The clip-on sunglasses shown 
have polarizing lenses that 
transmit only vertically pola- 
rized light. The light reaching 
the lenses consists of both 
"unpolarized" diffuse light a ' 
horizontally polarized glare. 
The lenses block the glare and 
the horizontal component of the 
diffuse light. 



(' What two objections did Newton have to a wave model of light? 
j'u What is "unpolarized" light 7 
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Summary 13. % 
I Scientists invented a V\\jpo- 
\heXico\ medium for tf?e pre pa 
cyxtldn of light waves } the 



3 X* order to explain 1he 
proptzrtfes of hofct sucW x£ 
hujk spewed cwatrayvsversa\itu\ } 
it was rtec&ssaruj to presume* 
that the etfietr \$ J stiff } sokd, 
and has a low den&tuj . 

"Ether" was originally the name 
for Aristotle's fifth element, 
the pure transparent fluid that 
filled the heavenly spheres, it 
was later called "quintessence" 
by scientists in the Middle Ages 
(see Sections 2. land 6.4). 



13 8 The other. One thing seems to be missing from the wave model 
for light. In Chapter 12, we assumed that waves are a special 
kind of motion t.Mt propagates m some substance or "medium," 
such as a rope or water. What is the medium for the propaga- 
tion of light u'3ves? 

Is air the medium for light waves? No, because liqht can 
pass through airless space — for example, the' space between the 
sun and the earth. Even before it was definitely known that 
there is no air between the sun and the earth, Robert Boyle 
had tried the experiment of pumping almost all of the air out 
of a glass container, and found that objects inside remained 
visible. : 



In Newtonian physics it is impossible toymaqme motion 
without specifying what is moving. Scientists therefore in- 
vented a hypothetical medium for the propagation of light 
waves. This medium was called the ether. 



A- Miscellaneous photo- 
graphy Actfvafies 



In the seventeenth and eighteenth centuries the ether was 
imagined as an invisible fluid of very low density, which 
could penetrate all matter and fill all space. It rrucjht some- 
how be associated with the "effluvium" — something that "flows 
/\cfuallu ijOU Consist (shear) out" — that was used to explain magnetic and electric forces. 
a hCHltA Or gaS 7 but the Shear Early in the nineteenth century, however, Young and r-esnel 

TtuL fZ±JSL~~« tt " "- iht »«■ ~ i - ™ «*- <••> «*•«» 

But the only kind of transverse waves known to 
Your.q and Fresnel were waves in a sol id medium. A liqnd or 
a gas cannot transmit transverse waves, for the same reason 
that you cannot "twist" a liquid or a gas. 

Since light waves are transverse, and only a solid medium 
can trai^mit transverse waves, nineteenth-century physicists 
assumed that the ether must be a solid. Furthermore, it must 
be a very stiff solid, because the speed of propagation is 
very high, comp. red to other kinds of waves such as sound. 
Alternative]-, it might have a very low density; as wis stated 
in Chapter i2. the speed of propagation increases with tne 
stiffness oi t e medium, and decreases with its density. # 



in Solids orxd Ctrregponcbna 

In order to traiwut t ran svfcrse J/ polarization 
wave->, the rie»!iiim mist have so'tiu 
tendency to return to its original 
shape when it lias been deiomeJ. 
As Hum ms Youiy, remarked, "fins 
hypothesis ol Mr. Fresnel is at 
least very ingenious, and :>av lead 
us to vone s.iti * ♦actor* computa- 
tions; but it is attended b; out: 
circumstance wiiich i , pericctlv 
appalling in its consequences ... 
It is only to solids that such a 
lat eral resistance has ever been 
attributed: so that • it »u,;ht 
be interred that the liuamleto is 
ether, pervading all space, and 
penetrating almost all substances, 
i, not only highly elastic, but 
absolutely solid. 1 !!" 



ERIC 



transverse. Waves ore heavila 
Aamp>ed . Waves on wat&r are 
net ? of course , trartsm\tted 
fy\rvu0^\ the medium as [lokt was 

Supposed tb he ifunsrnmj 

ifcroughlPie either It^a are 

Surface phenomenon 

* Thr example /if the etfier 
had the same, density as air 
ft would have to be about 
\0'*t ( hxes as stiff or, tf 'tt 
had *ffte Same stiftrxes* as 
our y t would have lb be about 
10 " ia H'mes as dense. 



n. it is an.si.rd to say that a stiff solid ether fills all 
because we know that the planets move throuqh space in 



spac 

accordance with Newton's laws, just as if they were going 
through a vacuum, with no resistance at all. And of course 
we ourselves r eel no lesistance when w» move around in n 
space that transmits light freely. 

For the moment we must leave the ether as an unsolved prob- 
lem, just as it was for Newton and the poet Richard Glover who 
wrote, shortly after Newton's death: 



A Ihe camera does lie 



0 had qro.it %(*ton, as ho feurd the c.iuso 

By which :-,ound rouls thro' t h ' andulat : :kj air, 

o had r.t , baffli.vj tine'** rt'?i^tK»ss ;/ow«-r, 

Discovered what that sui t :1c s: lrit is, 

or whatsoe'er diffusive <'lsr is s: r< ad 

Over the wi Jo- extended universe, 

Whie\ Ctiusi <5 bodies to rcflict the licjht, 

And from their straiqht direction to divert 

Fne rapid beams, that through tin'ir surface jierce, 

Hut since errbrae'd b. th'icv arns of ,v;r , 

And his quick thought by tinus cole, han 2 conqtal'd, 

Ivn NhV/JuN left unknown this hiuden rruvr... 

pi chard <; lover, "A Poen on N»^tnn."] 



Why was it assumed that an "ether" existed which transmitted 
1 LRht waves 7 

What remarkable propirl\ nust ihi i ther have it it l*> lo 
be thi nmhanudl medium tor I he propagation oi 1 i&hi ? 




"Music Hall Artist," drawing by Georges Seurat, 1888. Seurat's 
use of texture suggests not only the objects and people but also 
the space between them., 



Seurat was sfronojltj influence^ by 
Ye&dtny ikj scx&nco, , KfS ' pointtiiet 
ypaivtimofS constructed ennVvreiiA of 
celor dots are belief to -be 
partfrlly due- 1b foe oi\hm\$s<> 
View in >p\Mp\cs 



13 1 \ square card 3 c on a si.'t is lie Id 10 v ~m frv 

bv Mi. And its shadow fails on a wall l f ^ c 
card What is tic si?e of the shadow on the -all" 
m>>ht be useful ) 7.5 cm 



- a s-a! 1 
behind tbc 
I V d i a c r a - 



Gallic o used. Lir is a pedantic 
convention amcvus learned, 
tirandaXbrs to include lin& r 
oncMnal word when theiA dont 
warn ib commit ffiems^lvWs to 
just one way of translating i(. 



J)istanc<zibo Smalls 



1 3 2 An experiment de\ lsed by Gallic, t" deter-runc whether . r" 

n. I the propagation of li*ht is inst mt intous is 'escribe* 1 by 
him as fol lo*s: 

het each of tw, persons take a lipht contained in a lan- 
tern, or 'Uber receptacle, such that by the inte r\ <«s 1 1 i* n 
of the hand, the one can shut off *r ,i'irit tl< light to 
the vision of the other Next let then stand , r; ^sit< 
each other at a distance of a Jew cubits and prut ice un- 
til they acquire such skill in un<o\er.ng an* .<<ultiiu' 
their Iiphts that I lio instant . ne sees tt< 1 j i;J t of his 
lom^mon he «ill uncover hi*- own '-fter a t eu (rials 
# ltc response will be so pr.^pl that without Sensible er~ T 
(s\ario) (he uiu'vermg ol one 1 l gl t .s ; *nu d i » i e 1 v f< 1- 
lowed b\ (he uncovcrinc oi (be other, so that as s > >n as 
one exposes his ln.ht he w«M instantH see that of the 
ottur Having acquire.; skill at this short distance let 
the two experimenters, equipped as before take up posi- 
tions separated b\ a distance of two or three miles and 
let them perform the same e <\ < r in ent 'at nit'ht, noting 
careful !\ whether the exposures and oc ctiltat ions occur 
in the same manner as at slvrt distances, if thev d>, 
uc may safely conclude that .be propagation of 1 lgbt 
is instantaneous, but if tine is require*] at a ><ist imc 
ol three miles which, c on\s l crinn the go 1.4ft of one 1 i>*ht 
and the coning of tbe other, really amounts to six, then 
the delay ought to ;>e easily observable... 

But he later states: 

In fact I have tried the experiment only at a short dis- 
tance, less than a mile, from which I have not been able 
to ascertain w U h certainty whether the appearance f 
the opposite light was instantaneous or n,>t x but u not 
instantaneous it is extraordinarily rapid 

a) Why uas Galileo unsuccessful in the above experiment' 

b) Could Galileo have been successful if he had iltere 1 his 
experiment in some ieasonablc ~ay' NO 

c) Why do yu suppose that the first proof of the finite 
speed of light was based on celestial observations rub- 
er than terrestrial observat ions >LQrvi€ distance invoked 

d) What do yod think is the longest time that light miflht 
have taken in getting from one observer to the other 
without the observers dot cting the delay 9 I'se this 
estimate to arrive at a lower limit for the speed oi 
light that is consistent with Galileo's description 
of t be result Was Galileo's experiment completely 
unsuccessful ' /\ /owe/- UmtV wa* fojmdL * 

Rone i ' , prediction Ut s t i llu d in See. I J. J was bast d on t h< 
natural "clock" provided b\ the revolution oi lo, the second 
satt Hue of Jupiter. During each levolulion Io pass* s through 
Jupiter's shadow, the average tine interval between successive 
lmmeisions into the sha'ow (or between successive emergences 
from the shadow) is the period of revolution of Io Romer used 
over 70 observations made by himself and the French astronomer 
Picard to calculate the period to be 42 hr , 28 min, 33 sec He 
discovered that all values of the apparent period measured while 
the earth was receding from Jupiter were greater than the average 
period he had Calculated, and .ill values measured while the 
earth was approaching Jupiter were less than the average period 
Romer could explain these deviations by assuming that light has 
a finite speed Deviations would then be a result of the changes 
in the distance; of the earth from Jupiter which occurred while 
the period was being measured The time required for light to 
travel J^us change in distance was the deviation observed for 
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le. if durnn* ^nc rev, luti.n i f Io tin earth moved from E 

,i<; sho«-n in the accompanying diagram, the apparent period 

l < •K.iur tl.in the average perio', whereas if the earth 

fr - E to E it would he less than the average period 



} 



I I 

Note th.it when the earth is receding from Jupiter it is necessary 
to observe the emergences <;f Io from the shadow, whereas when the 
earth is ippr«at,hing Jupiter, it is necessary to observe the jm- 
mers 1 < ins of Io into the shado*. 

In the following questions assume that* the ridius^of the 
earth's orbit is 1 . S » 10 meters 

0 Hou fir does thr earth trivel along its orbit during 
one rev olution of lo'- (Note t h 1 1 the period of Io is 
1 MU (lavs ) J^.J x to^m 

b) If the greatest deviation observed for Io's period is 
vtr\ close to 1 f ^ seconds, calculate the speed of light. 
Ignore the verv small difference between the chord and 
the arc of the earth's orbit uith which you are concerned. 
\Ho ignore' t be orbital motion of Jupiter which occurs 
during the measurement of the period of I0.3 q * \q* m/sec 

<) Kiricr 1 ') actual data have been grouped lor coiiveiu once and 
live successive > roups are stiown below plotted against 
r the, apparent deviation tor those groups (each group con- 
sists 01 several values of the period winch ~e meas- 
ured durm/ a two* or three-nonth interval). he posi- 
tive deviation- are for the earth receding fron Jupiter 
and the negative, deviations .ite ior the eartl approai hi ng 
Jupi t or. 
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Uter carefully considering the meaning of the graph, 
sketch in the cuivc that best fits the given points 
Examine the regularity of the curve, wh.it time interval 
is rc*quir<J for the curve to complete one cycle and start 
repeating; the pattern again' Can you explain the observed 
regularity and cyclical nature of the curve 0 * cor\^\yr\diOY\ OjcJe 

\ convenient unit for measuring astronomical distances is 
\ 1 ght \ oar , defined to be the distance that light travels 
>ne \ear Calculate the numhi r of mt>ters in a light year to 
significant figures 9 5 x \Q '* m 



"H 5 What time would be required for a spaceship having a speed 

of 1/1000 that of light to travel the U 3 light vears from the 
earth to the closest known star other than the sun, Proxima /}. . "5 lye&TS 
Centaur i° Compare the speed given for the spaceship with the o^y. 
speed of approximatel v 11 km/sec that a rocket from the earth 
to Venus must have when leaving the earth's atmosphere. 4 
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Find the path from point* A to .m>- point on mirror M and 
then to point B th.it has the shortest overall length (s< Ive 
this by trial and error, perhaps by experimenting with a sh i t 
piece of string held at one end uy a tack at point A). N\ tic< 
that the shortest distance between A, M and B is also the 
J^s_t JL Ume path for a pa/ticle traveling at a consta.it spec*' 
trom A to M to B. A possible path is shown but it i< not neces- 
sarily the shortest one What path would light taVv fr m \ t. 
M to B 7 Tha Sharif 




What is the shorcest mirror in uhich a 6-foot tall -in cu 
see himself entirely? (Assume that both he and the mirror an 
vertical and that he places the mirror in the most favorable 
position.) Does it matter how far away he is from the mm r^ 
Do your answers to these questions depend on the distinct from 
his eyes to the top of his he.id?3&in. 

Suppose the reflecting surfaces of every visible object 
were somehow altered so that they completely absorbed any light 
frlling on them; how would the world then appear to vou 
Un\\^ self - (umwous ©bj«ctfc wo*li Visible 

Objects arc visible if their surfaces reflect light in 51a in- 
different lircctions, enabling our eyes to intercept cones of 
reflected light diverging from each part of the surface The 
accompanying diagram shows such a cone of light (represented .u- 
2 diverging rays) entering- the eye from a boo* 

Draw clear stra ight- 1 ine diagrams to show how a pair of diverging 
ravs can be used to help explain the following phenomena (here 
is a chance to use your knowledge ol reflection and refraction)- 

a) The mirror image of an object appears to be pist as far 
behind the mirror as the ibject is in" front of the 
mirror ,T<eflectk?r* 

b) A pond appears shallower t'.ian it actually is f&fnxilOT 
r) A coin placed in an empty coffee mug which is placed so 

that the coin cannot quite be seen becomes visible if the 
mug is filled with wa t e r . f?efrv<c.t\b w 

Due to atmospheric refraction we see the sun in the evening 
for some minutes after it is really below the horizon, and also' 
for some -mutes before it is actually above the horizon in the 
morning . 

a) Draw a simnle diagram to illustrate how this phenomenon 
occurs r\efraCX\0r\ 

b) The fact that this refraction by the atmosphere occurs 
is good evidence for the variation in density of the 
atmosphere- what does it indicate about the density 
var lat ion 7 Jy\V&rSC WitPx hciC^t 

11 Newton suppo- ed that the , 1 c flee t ion of light off shiny sui - 

facts is due to ">om.' feature of the body which is evenly dif- 
fused over its surface and b% which it .,cts upon the ray with- 
out contact " The simplest model for such a feature would be 
a repulsive force which acts only in a direction perpendicular 
to the surface Jn this question you are to show how this model 
predicts that the angles of incidence and reflection must be 
equal Proceed as follows: *» 

a) Draw a clear diagram showing the incident and reflected 
rays Also show the angles of incidence and reflection 
(". and " r ). Sketch a coordinate system )n your diagram 
that has an x-axis parallel to the surface and a y-axis 
perpendicular to the surface. Note that the angles of 
incidence and reflection are defined to be the angles 
between the incident and reflected rays and the y-axis 
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13 ' 15 Chanter^ dl \ fracCl <> n ana interference phenomena from 
Chapter 12, show chat the wave theorv f lie Z t hp " 

5S£i«?5 j****"" » «» -nter of H? ha dow fT i k 
illuminated by a point source. ^ 



diffraction ^ ' r I \ ' tHTerfen^ce here 



occurs £**7uro< disc 



13.16 Green light has a wavelength of approximately 5 > 10-~ meters 

What frequency corresponds to tins wavelength? Compare thi s 6* ic/*cps 



L r ^" UnCy . L ° Che f f ec l ueilc V °f the radio wave, broadcast by a 

: (Hint: r<ememh£r v ~ {\ ) 
to'°x AM , (O r x FM 



radio ^tatiun vou listen to. 



13.17 Poetry often reflects contemporary ideas m science- the 

touching poem is an excellent example of this. 

Some range tht colours as they parted fly, 
* Clear-pointed to the philosophic eye, 

The flaming red, that pains the dwelling gaze, 
The stainless, lightsome yellow's gilding rays 
The clouded orange, that betwixt them glows, 
And t0 kind rrixture tawny lustre owers- 
All-chearing green, that gives the spring its dye: 
The bright transparent blue, that robes the sky* 
And indigo, which shaded light displays, 
And violet, which, in the view decays.' 
Parental hues, whence others all proceed; 
An ever-mingling, changeful, countless breed 
Unravel'd, variegated, lines of light, 
When blended, dazzling in promiscuous wh ite 
Richard Savage, The Wanderer 

a) Would you or wuuld you not classify the poet Richard No. 
Savage aS a nature philosopher"? Why 9 Expresses NewW? color 

b) Compare t'lis poem with the one in Sec. 13. 5 by James iheorxA. 
Thomson; which j>oet do you think displays the better J 
understanding of physics? Which j)oem do you prefer''^" erxded 

13.18 One way to achieve privacy in apartments facing each other 
-PokrcziV,* axes ruu^t be * na "° W " U " tyard while -till allowing residents to 

how the sheets must be oriented for maximum effectiveness. 

13.19 To prevent car drivers from being blinded by the lights of 
approaching autos polarising sheets could be placed over he 
headlights and windshields of everv car. Explain why these 
sheets would have to be oriented the same way on every vehicle 
and must have their polarizing axis at 45° to the vertical 
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Chapter 14 Electric and Magnetic Fields 



Section 

14.1 
14.2 

14 3 
14.4 
14 5 
14.6 
14 7 
14 8 
14.9 

14.10 
14.11 
14 12 
14 13 



Introduction 

The curious properties of lodostone 
and amber: Gilbert's De Magneto 

Electric charges and electric forces 

Forces and fields 

The smal les t charge 

Carly research with electric charges 

Electric currents 

Electric potential difference 

Electric potential difference and 
current 

Clectric potential difference and power 

Currents act or magnets 

Currents act on currents 

Magnetic fields and moving charges 
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57 
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61 
64 
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An inside view of "Hilac:" heavy ion linear accelerator at Berkeley, California 
-In this device electric fields accelerate charged atoms to high energies. 



14 2 



14 1 Ir.t reduction. The subject "electric lty and maqnotisr" nv.U-s 
\u> larqe part of modern physics, and has important connec- 
tions with almost all other areas of physics and chemistry. 
Because it would be impossible to study this subject compre- 
hensively in the time available in an introductory course, we 
consider only a few major topics which will be needed as a 
foundation for later chapters. The major applications of the 
information in this chapter are: the development of electri- 
cal technology (Chapter 15), the scudy of the nature of light 
and electromagnetic waves (Chapter 16) , and the study of prop- 
erties of atomic and subatomic particles (Units 5 and 6). 

In this chapter we will first treat electric charges and 
the forces between them — very briefly,, since you are probably 
already somewhat familiar with this topic. Next, we will show 
how the idea of a "field" simplifies the description of elec- 
tric and magnetic forces, especially in situations where sev- 
eral Charges or magnetic poles are present. 

An electric current i^ made up o'f noving charges. By com- 
bining the concept of field with the idea of "potential ener- 
gy" (Unit 3), we will be able to establish quantitati/e rela- 
tions between current voltage and power. These relations 
will be needed for the practical applications to be discussed 
in Chapter 15. 

At the end of tms chapter we shall come to the relation 
between electricity and magnetism, a relation having impor- 
tant consequences Loth for technology and basic physical 
theory. We will begin by looking at a simple physical phe- 
nomenon: the interaction between moving charges and magrctic 
fields. 

14.2 The c urious p rop erties of lodestone and amber: Gilbert 's De 
Magnete . The substances amber and ledestone have aroused 
interest since ancient times. Amber is sap that long ago 
oozed from softwood trees and,, over many centuries, hardened 
into a semitransparent solid ranging in color from yellow to 
brown. It is a handsome ornamental stone when polished,, and 
it sometimes contains the remains of insects that were caught 
in the sticky sap. Ancient Greeks recognized a curious prop- 
erty of amber: if it is rubbed vigorously, it attracts nearby (tffegfene,^ 
objects such as bits of straw or grain seeds. 

Lodestcne is a mineral with equally unusual properties. 
It attracts iron. When suspended or floated, a piece of lode- 
stone turns to a particular orientation. The first known 
written description of the navigational use of lodestone as 
a compass dates from the late twelfth century. Its properties 
were known ever, earlier in China. Today lodestone would be 
called magnetized iron ore. 



Summary U\.A 

This chapter wd\ cover eleetric 
charxyes and 1fce forces 
betw&en itnem ) ihe -field 
concept } currents } voltages } 
and the iriteraciTon between 
Currents [or rnovinc\ charts) 



/. VJifttam Gilbert j (n hs book 
Ve Magnete, ( (boo), summar- 
ized ex&fina Knowledge 
ab&ut iHe properties of lode.- 
sto\n& and. amber, criticized 
various theories and proposed 
ffnt ike earth ((self is a 



5. Ccdbert shewed tdat 
electric and maapeiics -ferroes 
are diffier&it . 
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Luc ret n- s is known one oi 
the early writers on atomic 
thoorv; see Prologue to Unit 5 e 



Gilbert's _De Magnet e is a clas- 
sic in Scientific literature. 
It included reports inten- 
sive experiments and speculation 
about the magnetic properties 
of the earth. The richness of 
Gilbert's work is evident on 
the next page, where the title 
page, some excerpts and some 
sketches have been reproduced. 



The histoius of lodestone and amber arc the early his to- 
nes of magnetism and electricity. The modern developments 
in these subjects began in 1600 with the publication ir London 
of William Gilbert's book De Magneto . Gilbert (1544-1003) 
was an influential physician, who served as Queen Elizabeth's 
chief physician. During the last twenty years of his life, 
he studied what was already known of lodestone and amber, 
made his own experiments to check the reports of other writers, 
and summarized his conclusion in De Magneto. 

'Gilbert's first task in his book was to review and criti- 
cize what nad previously been written about the lodestone 
(see p. 37). Gilbert reports various theories proposed to 
explain the cause of magnetic attraction; one of the nost 
popular theories was suggested by the Roman scientist Lucre- 
tius : 

Lucretius. , .deems the attraction to be due to this, 
that as there is from all things a flowing out ["effluv" 
or effluvium"] of minutest bodies, so there is from 
iron an efflux of atoms into the space between the 
iron and the lodestone — a space emptied of air by 
the lodestone's atoms (seeds); and when these begin 
to return to the lodestone, the iron follows, the 
corpuscles being entangled witn each other. 

Gilbert himself did not accept the effluvium theory as an ex- 
planation for magnetic attraction, although he thought it 
might apply to electrical attraction. 

When it was/discovered that lodestones and magnetized bars 
of iron tend to tarn so as to have a certain direction on the 
surface of the earth, many authors attempted to concoct ex- 
planations. But, says Gilbert, 

...they wasted oil and labor, because, not beina prac- 
tical in the research of objects of nature, being' ac- 
quainted only with books, being led astrav by certain 
erroneous physical systems, and having made no magnet- 
ical experiments, they constructed certain explanations 
on a basis of mere opinions, and old-womanishly dreamt 
the things that were not. Marcilius Ficmus chews the 
cud of ancient opinions, and to give the reason of the 
magnetic direction seeks its cause in the constellation 
Ursa... .Paracelsus declares that there are stars which, 
gifted with t'ie lodestone's power, do attract to them- 
selves iron. ...All these phi losophers ... reckoning among 
the causes of the direction of the magnet, a region of 
the sky, celestial poles, stare .. .mountains , cliffs, 
vacant space, atoms, att ractional ... regions beyond the 
heavens, and other like unproved paradoxes, are world- 
wide astray from the truth and are blindly wandering. 

Gilbert himself pointed out the real cause of the motion 
of magnets: the earth itself is a lodestone. To demonstrate 
his theory Gilbert did an experiment, a rather ingenious one, 
to test his model: he prepared spherical lodestones and 
showed that a magnetized needle placed on the surface of such 
a lodestone will act in the same way as a compass needle does 
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From Gilbert's De Magnete 




S B D I N 1 , 

Typis GOTZIANI S 
Anno M. DC. xxxin. 



"...the lodestone was found, as seems probable, 
by iron-smelters or by miners in veins of iron 
ore. On being treated by the metallurgists, 
it quickly exhibited tha'. strong powerful 
attraction of iron... And after it had come 
Torth as it were out of darkness and out of 
deep dungeons and been honoured of men on 
account of its strong and marvellous attraction 
of iron, then many ancient philosophers and 
ph>sicians discoursed of ic... These record 
only that the lodestone attracts iron: its 
other properties were all hid. But lest the 
story of the lodestone should be uninteresting 
and too short, to this one sole property then 
known were appended certain figments and false- 
hoods... For example, they asserted that a lode- 
stone rubbed with garlic does not attract iron, 
nor when it is in presence of a diamond. 

. . .vve do not propose just now to overturn with 
argument s ... the ether many fables about the 
lodestone .. .Abohali rashly asserts, when held 
in the hand it cure^ pains of the feet and 
cramps; ..as i'ictorius sings, it gives one- 
favor and acceptance with princes and makes one 
e loquent , . . . Arnoldus de Villanova fancies that 
the lodestone frees women from witchcraft and 
puts demons to flight; Marhodaeus, a frenchman, 
says that it can make husbands agreeable to 
wives and may restore wives to their husbands. 
In such-like follies and fab.* s do philosophers 
ol the vulgar sort take delight..." 
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The idea of "field" was invented 
by Michael Faradny early in the 
nineteenth century, and devel- 
oped further by Kelvin and 
Maxwell (see Sees. 14.4 and 16.2). 



"electric" comes from the Greek 
word , electron, meaning 

"amber." Note thac this word was 
originally a noun but has now be- 
come an adjective. 



Iron oxide crystals in the mag- 
netic field of a bar magnet. 




at different places on the earth's surface. If the directions 
of the needle are marked with chalk on the lodestone, they will 
form meridian circles (like the lines of equal longitude on a 
globe) which converge at two opposite ends or "poles." At the 
poles, the needle will be perpendicular to the surface of the 
lodestone. Halfway between, along the "-equator," the needles 
will lie along the surface. These directions can also be shown 
by placing small bits of iron wire on the surface. 

The explanation of the action of magnets is now generally 
given by means of the idea that mac-nets set up "fields'* around 
themselves. The field can then ?"c on distant objects. Gil- 
bert's description of the force exerted by his spherical lode- 
stone (which he called the 'terrella,' meaning 'little earth') 
comes close to the modern field concept: 

r he terrella sends its force abroad in all directions, 
according to its enerqy and its qualitv. But whenever 
iron or other magnetic body of suitable size happens 
within its sphere of influence it is attracted; yet 
the nearer it is to the lodestone the greater the force 
with which it is borne toward it. 

Gilbert also included a discussion of electricity in his 
book. He introduced the word electric as the general term 
for "bodies that attract in the same way as amber." Gilbert 
showed that electric and magnetic forces are different. For 
example, a lodestone always attracts other magnetic bodies, 
whereas an electric exerts its attraction onlv when rubbed. 
On the other hand, an electric can attract small pieces of 
many different substances, whereas magnetic forces act only 
between a few types of substances. Objects are attracted to 
an electric along a line directly toward its center, but a 
magnet always has two regions (poles) toward which attraction 
draws other magnets. ? 

In addition to summarizing the known facts of electricity 
and magnets, Gilbert's work suggested new research problems 
to scientists m the centuries that followed. For example, 
Gilbert thought that while the poles of two lodestones might 
repel each other, electrics could never exert repulsive forces. 
But in 1646, Sir Thomas Browne published the first account of 
electric repulsion, and in the eighteenth century several other 
cases of repulsion as well as attraction were discovered. To 
systematize these observations a new concept,, electric charge, 
was introduced. In the next section we will see how this con- 
cept can be used to describe the forces between electrified 
bodies . 



How did Gilbert demonstrate that the earth behaves like 
a spherical lodestone? 



How does the attraction of objects by amber differ from 
the attraction by lodestone 7 
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%\rt out that ffc& ts philosophically a verxA imjeoHant point. 
% ts Sometimes- stated thatphygics does^not deal wilP\ what 
farms are } but niftier wtm what ifoeLA cAo > ifve philosopher 
de<xl\yvj w$\ ihis viewpoint opprtmdnaUsrn } postttv^m^ etc. 

14.3 E lect r ic c hir gos and e le cit ric forces . As Gilbert s t r <■ : j 1 \ 

arquc:«, the facts of electrostatics (forces between electric 
charqes at rest) are better learned in the laboratory than 
by ]ust reading about them. This section, tnerefore, is 
only a brief summary. 

he begin with, the idea of electric charge . Charge is best 
defined not by saying what it i_s,, but what it does . ^Tuo kinds 
of electric charges can be identified. A glass rod th.it has 
been rubbed by silk becomes charged. This charge is given 
the arbitrary name p os l t l v e charge. The other kind of charge 
appears on a rubber rod stroked with wool or fur and is termed 
nega 1 1 ve . 

When we talk about the electric charge on an object we 
usually mean the slight excess (or net) charge of either kir.es 
existing on this object. Actually, any piece of matter large 
enouah to be visible contains a large amount of electric 
charge,, both positive and negative. If the amount of positive 
charge is equal to the amount of negative charge, this piece 
of natter will appear to have no charge at all, so we can say 
that the effects of the positive and negative charges simply 
cancel each other when they are added together. (This is 
one advantage of calling the two kinds of charge positive 
and negative,- rather than, for example, x and y.) 

Two experimental facts that are easily demonstrated are 
the following: 

1. Like charges re p el each othe r. A body that has a net 
positive charge repels any other body that has a net positive 
charge. That is, two glass rods that have both been rubbed 
will tend to repel each other. A body that has a net negative 
charge repels any other body that has a net negative charge. 

2- Unli ke charges attract each other . A body that has a 
net positive charge attracts any body that has a net negative 
charge h and vice versa. 

The electrical forc e law . What is the "law of force" be- 
tween electric charges? In other words, how does the force 

depend on the amount of charge, and on the distance between 
the charged objects? 

The first evidence of the nature of the force law between 
electrical charges was obtained in an indirect way. About 
1775, Benjamin Franklin performed the following experiment: 
He charged a silver can and put the can on an insulating stand. 
When he hung a cork near the outside of the can, the cork was 
strongly attracted. But when he lowered the cork,, suspended 
by a silk thread,, into the can, he found that no electric 



SurnmariA 1^.3 
J Oos&YVotjor^s on attraction 
pond Yep\AlsKoy\ of electrified 
objects were sy$terncxTtx&d by 
saij<n^ iPicd some, obje£t& 
have positive charae aytft 
owners have K?egaw€ charge. 
Like chayrxes' repei eadh 
ofoe>r ana unlike cinar^es 
attract each dtfretr 



Rarely is this lmhal ince noi c 
than 1 part in 1 m i 1 1 i ti-"m 1 1 l^n 

Ity7 Electrostatic, 
demon^ratidrs 




jamui 
ncaVi 



AmencaYi statesman , printer , 
sci en 1 1 st and wr 1 1 er . He was 
greatl" interested in the phe- 
nomena of static electricity; 
his f am on s kite exper i men t and 
invention of the lightmn*: rod 
gained him wide recognition; 
he is shown here ob >ervnu- the 
electrical behavior ot a hell 
connec t ed to a 1 1 gh t n in g rod . 
His other inventions include 
the I ranklm stove, bifocals 
and the harmonica. While m 
Philadelphia, Franklin organized 
a debating club which developer 
into the American Philosophic il 
Society, and h*. ' elped e<Uabli h 
an academy winch later became 
the University ot Pennsylvania. 
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T3i : Z field inside 

conducting Sphe>r e 

J> < ph Pi h st h > ( ]/ 3 i- Kho'O, a 
. mtai i an .iru-»t. r. .a, pt x st , j- 
1 1 ^ in f .1 land lot his rati ua 1 
lJt •« Oiu .1 his buoks was 
Kirm.i, a.ni a r.eb lo.'Wd. his 
Ik 5 i .t hi l.i.m his s\i„path\ 
> ith the Ki t nth Ri volut u»n. 
Hi to A:u i lea, the hoou- 

Bfnju.an Franklin, uhu had 
• t i.'.ulaUd Priest la', interest 
in science. He developed t nr- 
Inaaud <ii mks (soda-pop) and 
e\pei mn ntod m ehttruit\, m 
addition to his ue 11 -known work 

ell n\\i»Lil. 

.5 fttedtey suaaeeted , on the 
basts cf an exp&nmeAnt 
SerljAvriin franklin , fo^f ' 
el&blrio forces are inverse^ 
proportional tb #* e sauane 
<?f #»e dusfcnee. fri&stteu 
reasoned bu owoiooyi with 
cymvtfatlonal forces -/in both 
oc^es there, is no force cm 
&r\ £>bje<£ inside a koKow 

3. Charier Coulomb confirmed 
btA direct experiment that 
eJecirio forces van* as \M* 
And also Piat it\evf are pro - 
portionai fo -fie product oC 
fof- Charges on ihe two 
objects : 

r el = k (<\a 1. 
\ R 3 - 



■ ■ is i \< r : i ii n 
:is l Jc t ho c in . 



he COT': 



Hat t 1 * r 



1 t« 



ill! 



4-. Xn Tfie Kk-sa system ihe 
Unit of charge f foe 'cmtontb' , 
ts defined m terms of the unit 
of current , the. ampere. ; 

I coal - (amp sea 
Xn fats sig&un ihe proportion- 
ality constant k < n Coulombs 
law comes out to bare. tHe 
value k*1 « to* Hm*-(coul z . 



The symbol q is used for amount 
of charge; see below for units. 



Franklin did not umi.-rst a~d why the Mils of the o 
not attract 'no cor'.; uner. it was msnle tno cm, oven 
there u force when the cor-. was outside. He e.ke.: his 

friend Joseph Priestley to rej.. at the oxperiP,.nt. 

Priestley verified Franklin's r, suits, and went on to 
a brilliant theoretical deduct u, from them. He renumbered 
from Newton's Prn.cigia that Newt< n had proved th.t cravna- 
tionul forces behave m a similar Inside a hollow 

th ° net gravitational force on an civet, computed bv 
up all the forces exerted by the tarts of the srhere', 
exactly zero. This is a result which can be deduc, d mathe- 
matically from che law that the gravitational force net-.., t n 
any two individual nieces of matter i« inversely projorHena] 
to the square of the distance between tlum. Priestl,- f t re- 
fore proposed that electrical forces might also vary inverse- 
ly as the square of the distance. (See page 42.) 

Priestley's protosal was based on lo U i reasoning ... anal- 
ogy, such recsomny could not by itself prove that elect ne.l 
forces are inversely proportional to the s.:u»ro of the dis- 
tance between charges. But it strongly encourage.: other ,„-.«,- 
lemts to tost the hypothesis by experiment. 

T.e French physicist Charles Coulomb provided ..irect ex- 
•--•ri:- tal confirmation of the inverse-square law for el, etric 
on. .a- s suggested by Priestley. Coulomb used a torsion oal- 
J '"'" that ho '"vented and carefully calibrated to measure 
t'.. force between two small charged spheres. The balance is 
-'.own on the opposite page. A balanced insulaUng rod is 
shown suspended by a thin silver wire winch twi-^s when a 
force ls ,. xt , r ted on the end of the rod to make it rotate 
iLout the ".. r tical axis. 



By measuring the twisting force for different separations 
R of the spheres, Coulomb snowed that the force varied in 
proportion to 1/Pe . Thus he directly contirmed the sugges- 
tion that the force of electrical repulsion for like charges 
varies inversely as the square of the distance between charges. 
With a slightly modified procedure, he confirmed a similar 
law of attraction for unlike charges. 

Coulomb also demonstrated that the magnitude of the elec- 
tric force at a given distance is proportional to the product 
of the charges, q^, on the two objects. This was a remark- 
able accomplishment, since there was not yet any accepted 
method for measuring quantitatively the amount of charge on 
an object. However, Coulomb could show that if a charged 
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rr.rtal sphere touches an uncharged sphere of the '-are . c i^« , 
the total charge will be shared between the two sphi r»*b 
r;ually. Thus, starting v. 1 ♦ h a aivcn anount of c ir<;»' on 
<wie sphere ar.d several r*her identical but uncharged n 
Coulomb could produce charges of ono-nalf, or. e -quart e r , o'ie- 
ei'jhth, etc., the onqinal anount • R\ thus var ir.q t:.e 
charges u. ind a T> independently, he could sheu , for • xan; 1< , 
that *hen each is reduced b\ one-">alf, tne force U't.:nn A a:. 
B is reduced to one-quarter its previous valu< . 

Couloriib summarized his results ir a single equation uhich 
describes the force that two SF9II en irejod spheres A ar.d P 
exert on each other: 



el 



:i4.n 



R 



inhere k is a constant whose value depends on the ur.it s of 
cnarqe and length that are bo inn used. This form of the law 
of force between two electric charqes is r.ov% called Coulomb's 
law/ 




Charles August in Coulomb (1738- 
1806) was born into a family of 
high social position and grew 
up in an age of political unrest. 
He studied science and mathe- 
matics and began his career as 
a military engineer.. He later 
settled in Paris, and a work, 
The Theory of Simple Machines , 
gamed him membership in the 
French Academy of Sciences. 
While studying machines Coulomb 
invented his torsion balance, 
with which he carried out inten- 
sive investigations uii electrical 
force s . 




5* An electrically ckay~cjed 
ohj&ct can also attract an 
uncharged obyzct by 'e^ecXvo- 
static induction* ( rearrange,- 
ment of the chevrons inside 





Hie documentary tiln 
"People and Particles" 
shows an experiment to 
see if fcq. 14. 1 applies 
to charges at distances 
as small as 10" 1 ^ cm. 
(It does.) 
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Consider any point P 
inside a charged con- 
ducting sphere. For 
any small patch of 
charge on the sphere 
there is a corres- 
ponding patch or. the 
other side of P. 



Electric Shielding 



The electric field due 
to each patch is pro- 
portional to the area 
of the patch and in- 
versely proportional 
to the square of the 
distance from P. But 
the areas of the patches 
are d irec t ly propor- 
tional to the squares 
of the distances from P. 



A. 



So the distan< e and 
area factors balance — 
the fields due to the 
two patches at P are 
exactly equal and op- 
pos i te . 



P * 



Since this is true 
for all pairs of 
charge patches, the 
net electric field 
at P is zero. 



In general, charges on a closed conducting sur- 
face arrange themselves so that the electric field 
strength inside is zero (on the condition, of course, 
that theie is no charge inside). Furthermore, the 
rep ion inside any closed conductor is "shielded" 
fiom an> exter nal electric field. This is a very 



important practical principle. Whenever stray 
electric fields might disturb the operation of 
some electric equipment, the equipment can be 
enclosed by a shell ot conducting material. 
Sonc uses of electric shielding are suggested 
in the accompanying photographs. 




Clo>cup of a tube in the tuning section of 
the TV set on the left. Surrounding the 
tube is a collapsible metal shield. Partly 
shielded tubes can be seen elsewhere in 
that photo. 



fbtfiorrs c% the chassis 
Qy\d tine, wrvdudSna paint 
on 1fne picture tube also 
have shielding functions. 
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A section of shielded cable such 
as is seen in the TV photo above, 
showing how the two wires arc sur- 
rounded by a conducting cylinder 
woven of fine wires. 
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car ii i ■ 



e, th< 

ur.it > 
He i nc 



c\ . v. ; a .i r ! it r .J r i 1 y 1 e t t n< 
:» f i:a a .*r.i i charge sc ? nat 
1* i t o l '* t ir. 'e < x^rt a un 1 1 
5 c t r f j n its ba s <_ d on this 
f » h ct ruMj units wo shall 
H *"ksA" s*. st» n, the unit < 4 
f current, the "ancore." 



"ecu lomb , 



and is aei mod 



ul: 



•\ ^: t -ci.aM^ that flows : ast a point in a wire 
<,<. c< no ;,:.o:. the current is equal to one ampere. 

, :• .n.jiio, ci "a:?: ," n * f in liar ur.it because it is 
' ui r. t 1 \ u i : t l r< iSurt t hi • current d r awn by electrical 
, us.i'ts, Tn< amount of current drawn by a 100-watt liqht 
a lit; -volt circuit is approximately one ampere. 



The definition op 1P\e unit of 
Current" , based on hynpeces 
dtsoovery of -the {orc& be- 
fwee*\ o/rne/ffs , w<t( Joe dis- 
cussed m Sac i$ 

Meter-Ki h>f s ran-Sc c< nd- \rr,; crc 



Su. ♦ c "ulc.T.b is apjroximati ly the amount of charae 

tnit * Uir.ur, a 100-watt bulb in one second, it might 

<. i r th.it trie eouHmb is a fairly ^ma 1 1 amount of charge, 
h' "„i'V»'r , one coulomb c f excess charge all collected in one 
; lace is unmij.njuoubly large. By «expe r lment , the constant k 
in Coulomb's law (I.q. 14,1) is found to equal about nine 
billion :u*a ton-met ers squared per coulomb squared (9 * 10 u 
Nm / coul ). This mo atis that two objects, ejich with a net 
charge of one coulomb, separated by a distance of one meter, 
would exert forces on lmcii other of nine billion newtons. 
This force is rouqhly the same as a wciqitt of one million tons. 
We never observe ^>ui iarqe foroub , because we can't actually 
collect truit much excess charge in one place, or exert enough 
force to bring two such charges so close together . The mutual 
repulsion of like charges is so strong that it is difficult 
to ket p a charge of more than a thousandth of a coulomb on 
an object ot ordinary size. If you rub a pocket comb on your 
sleeve, the net charge on the comb will be far less than one 
millionth of a coulomb. bight nina discharges usually take 
place when a clout: has accumulated a net charge of a few 
hundred coulombs distributed over its very large volume. 

The reason that an ordinary light bulb can have one cou- 
lomb per so cones going through its filament is that the moving 
charges, which in trus case are negative, are passing through 
a static arrangement of positive charges. 

11 1 ect ros tat i c induction. You have probably observed that 
an electrically charqec object can often attract small piece .3 
of paper even though the paper seems to have no net charge 
itself. (It exerts no force on other pieces of paper,) At 
first sight it might appear that this attraction is not cov- 
ered by Coulomb's law, since the force ought to be zero if 




\ stroke of lightning averages 
about 40,000 amperes and trans- 
fers 1 coulomb of charge from 
the cloud to the ground, or vice 
vers,i . 
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lfi& fact tfcat fte rubbed 
comb can pick up a Srra*(( 

that this electee forxyz 

^n^\/(fat(cma/ ^9 nee ^xert- 
^ -(he paper bu tfie 



Ety E\ecXr\o forces 
Cou\ombs law 
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either q A or q B is zero in Eq . (14.1). However, we car. ex- 
plain the at -action if we recall that uncharged obiects 
tain equal amounts of positive and negative electric char 
When an electrified body is brought near a neutral oL-e. t , 
electrical forces may rearrange the positions of the ihirnu*. 
in the neutral object (see diagram). For example, if a r.< 
atively charged rod is held near a piece o* paper, some of 
che positive charges m the paper will shift toward the si, 3^ 
of the paper nearest the r^d, and a corresponding amount cf 
negative charge will shift toward the other side. The pos- 
itive charges are then slightly closer to the rod than the 
negative charges are, so the attraction is greater than tho 
repulsion. (Remember that the force gets weaker with the 
square of the distance, according to Coulomb's law; it woulo 
only be one fourth as great if the distance were twice a<; 
large.) Hence there will be a net attraction of the chanu J 
body for the neutral object. 

The rearrangement of electric charges inside or on th»» 
surface of a neutral body due to the influence of a nearly 
object is called electrostatic induction . In Chapter lb w«> 
will see how the theory of electrostatic induction played 
an important role in the development of the theorv of 1 i-nt . 

What experimental fact led Priestley to propose that 
electrical forces and gravitational forces change with dis- 
tance in a similar way? 

What two facts about the force between electric charges 
did Coulomb demonstrate? 

If the distance between two chargeJ objects is doubled, 
how is the electrical force between them if fee ted? 

Are the coulomb and ampere both units of charge? 

If an object is found to be attracted by both positively 
charged bodies and negatively charged bodies, doi 3 this mean 
that therv are really three kinds of charge' 

4 Forces and fields . Gilbert described the action of the U - 
stone by saying it had a "sphere of influence" surrounding 
it. Any other magnetic body coming inside this sphere wn] 
be attracted, and the strength of the attractive force will 
be greater at places closer to the lodestone, Ir. modern 
language, we would siy that the lodestone is surrounded i> 
a magnetic field . 

Because the word "field" is used in many ways, we will U«- 
gin by discussing some famili-r fields and then proceed qno- 
ually to develop the ideas of physical fields. 

One part of the concept of field is illustrated by pi ay in; 
fields. The football field, for example, is a pi ice where 
teams compete according to rules which confine the siqr.ifi- 
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Id ib a req ion 



re 
l 



s or fields 
s also a 
i, it h:is 
roater ln- 
r. countries 
" ir-.rlies 
u r in sone 
icld has a 
strength 
cour.trv 1 s , 



ZJiArrtmarij \fy 
I. Seme, examples of fields ore- 
described . A field ma^ have a 
einvje" Scarce,* 0 r mexnu - } ifae. 
source, meed not e*/en ve, + 
Specified, JEt mac* or maunot 
have a direction as weJLi as a 
rnacjyiitude, at each y?otrtt . 

3 "The. gravitational field is 
defined «S iPt^ yxxtio of Cjravi- 
lational force, to the mass (t 
(S acTma cn . ~Th& -fte-ld ts 
considered io e*(st at exxck 
point m Space whelfoer or net 
1faene & anu body for t to 
act on. 



t e * d as upou 



.u-c a recion 



3 ETiactriC fte\d gtrencjth is 
defined as Ifae, ratio of fae 
c-r.ts of ir.flu- eiedrtc. force to the dnarye 
b. The ir.flu- it is Rcuncj on 



a ever r.rer.t s , 
no field reg ion . 

z ce pess ic le 
c ir.t l n the 
^ clear as we 
. re la ted to 
t then m everv - 
r.c 1 c -i v of onvs- 



5^ "fields * \¥\ Articles Sexton , 



: r excerier.ee 



;t is m- 



t'ts louder and 



«; i s cooler 
e sunshine . ' 
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In t n i s case 
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Pressure and Velocity Fields 



* Actoail^ the ¥ 5oo millibar hei^th N 



These maps, adapted from those of the U.S. Weather Bureau, depict 
two fields, air pressure at the earth 1 s surface and high-altitude^ 
wind velocity, for three successive days. 



Air pressure at earth's surface. High altitude wind velocity. 
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same speed as the car. We can think of the sound field as 
beinq steady but moving with the horn. At any instant we 
could assign a number to each point in the field to represent 
the intensity of sound. At first the sound is faintly heard 
as the weakest part of the field reacnes you. Then the more 
intense parts of the field go by, and the sound seems louder. 
Finally,, the loudness diminishes as the sound field and its 
source (the born) move away. 

c) Here you are walking in a temperature field which is 
intense wnere the sidewalk is in the sunshine and weaker where 
it is in the shade. Again, we could assign a number to each 
point in the fieid to represent the temperature. 

Notice that the first two of these fields are produced by 
a single source. In (a) the source is a stationary street 
lamp, in (b) it is a moving horn. In both cases the field 
strength gradually decreases as your distance from the source 
increases. But in the third case the field is produced by 
a complicated combination of influences: the sun, the clouds 
m the skv , nearby buildings, local geoaraphy and other factors. 
Yet tne description of the field itself may be lust as simple 
as for a field produced by a single source: one number is 
assigned to each point m the field. 

So far, all examples were sirrpie scalar fields — no 
direction was involved in the value of the fieic at each 
point. On tne opposite page are maps of two fields for the 
layer of air over the surface of North America for three 

consecutive days. There is a very important difference be- ^eoXVx^ ftmreau h<XS a 

tween the field rapped at the left and that mapped at the different Convention for vectors 
right; tne air pressure field is a scalar field, while tne A^K Students id dtSCUSS the 
*ind velocity field is a vector field. For each point m theO^varif&ges U\r\d dtsodvnntoaeS 
pressure field, there \s a single number, a scalar quantity 
wr. ich give Tic value of the field at that point. Bat for 
eacn point . - the wind velocity field the value of the field 
is given by both a number and a direc.ion, that is, by a 
vector . 



SPECIMEN 
STATION MODEL 



These fieid maps are particular ly useful because they can 
be used more or less successfully to predict what the sub- 
sequert conditions of the field might be. Also, by super im- 
posm: the maps or. each other, we could get some idea of now 
the f.elds are related to each other. 

The term "field" is actually used by physicists in three 
different senses: to mem the value of the field at a point 
m space, the collection of all values, and the region of 
'•ipace in which tne field has values. In rcadinq the rest of 
t; is chapter, try to decide which meaninq is appropriate each 
t-'Tic the term is used. 



3 £ Z*\ 



Key for i L'.S. Voucher Bureau 
Map. How many fields are rep- 
resented for each station? 
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The^ravxtatx^^ Before refc electr 

and magnetlsm( and just fco inustrate city 

c ; e t :i;: h rr pie the ™ — D , the e j h . 

Recall that the force exerted by the earth on some ob 3 ect 
outside the surface of the earth for- , 

acts t example upon the moon, 

acts xn a dxrectxon toward the center e * the earth The 
gravxtatxonal field is a vector f, n t* 

bv arrows ► C ° Uld be represented 

by arrow, poxntxrg toward the center of the earth. 

The strength of the gravitational field deDends Qn ^ 
dxs ance from the center of the earth, 
Newton's theory, the magnitude Qf fche 

15 lnV6rSely PWrtxoa.1 to the s q uare of the dxstance R: 

_ Mm 



You TYnoft wayfi id dlSCUSS SAACW 

philosophical pro!o\e*ns as, do trees 
falUny make a wise when no 
one \s iker* -fo hear 1h#*n 9 
TFt* point here ts Tfot field? 

wkrfts oprna on wtfhout constant 
explicit refererice To "foe ohtkxvvr 



From n ow on, "field" is defined 
to be independent of the test 
body on which a force mav act. 



(14,2) 



c Mm 
*grav r: 

where M is the mass of the earfch< „ ^ ^ 
body, and R xs the dxstance between the contcrs of 
other body (G xs the gravxtatxonal constant). 

is the value of the gravxtatxonal fxeld at each ooxnt ,„. t 
the same as ^ exerted on . body afc ^ ^ ^ ^.t 

CaUSG Vav depends on the mass of the test bodv, and we want 
our oefxnxtxon of fxeld to depend only on the p^oertxes o 
the source, not on the Prop ertxes of the test body on w hl oh 

ii^lc as exxstxng xn space and havxng a certaxn dxrectxon and 
.agnxtude at every poxnt, ,nether or not there xs anv t 
body present for xt to act on. 

A defxnxtxon of gravxtation field that satisfies the 
above retirement follows easily lf we rearrange ^ 

GM 



F = m 

grav 



.VI 



We then define the gravitational field a* , n 

tude GM rield, g, t0 have a m 

tude and tne same direction as that of F Thus a* 

aetermined by tne strength of the source (thTmass 

oxstanco (R) from the source but does not cepend on he L s 



and 



F grav = m 9 

q = F 9rav 
m 



(14.3) 



(14.4) 
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in other words, the ai-tatxor^^ 
——^^^^ 

would act on a body of mass m it h,** ' " C - 

'owevcr the gravitational f xe ld at T^TTTT^cTTTeT 
ermined by more than one source. T he moon is acted on by 

^e sun as well as by the earth, and to a smaller extent by the 
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othei planets. Thus, to generalize Eq. (14.4), we can take 

F to be not lust the force of gravity due to one source, 

grav J 
but the net gravitational force due to all sources acting on 

that region. 

Electric fields . In general, the strength of any force 
field can be defined in the same way as for gravitational 
fields if there is a force law similar to Newton's in which 
the force is proportional to a product of quantities charac- 
teristic of the two interacting bodies. Thus for electric 
forces, according to Coulomb's law (Eq. 14.1), the force de- 
pends on the product of the charges of the two bodies, rather 
than the product of the masses.. For a charge q in the elec- 
tric field due to charge Q, Coulomb's law describing the 
force on q can be written as: 



R 2 



or 



: el 



kQ 

R 2 



As ir the case of the gravitational field, the expression 
for force has been broken up into two parts * One part, 
|j, which depends only on the "strength" Q of the source 
and distance R from it, is uhe electric field due to Q. The 
second part, q, is a property of the body being acted on. 
Thus we define the electric field, E, due to charge Q to have 



The electric 



kO -> 
magnitude and the same direction of En- 

force is then the product of the test charge and the field, 



and 



(14.5) 



(14.6) 



a 



'i 



a 



Therefore the electric field at a point in space is de - 
fined as the quotient of the electric force acting on a test 
cnarge placed at that point and the magnitude of the test- 
charge . Of course, if the electric field at a point is due 
to more than one source, we define the electric field in 
terms of the net electric force on test charg'e q. 

So far we have passed over a complication that we did not 
encounter in dealing with gravitation. There are two kinds 
of electric charge, positive (+) and negative (-) , and the 
forces they experience in an electric field are opposite in 
direction- Long ago the arbitrary choice was made of defin- 
ing the field value as the force exerted on a positive charge, 
divided by the magnitude of that charge. This choice makes 
it easy to remember the direction of the electric force vec- 
tor, if we adopt the convention that a minus sign in front of 
a vector means that it has the opposite direction .- If we arc 
given the direction and magnitude of the field vector 2 at a 



Wfe use Franklins convention 
■for 1P?e Sign ofeiedrtc charqe? } 
in w^k^i the direction of ~we 
current was tcd<ey\ as tfc& 
diradiorx m whcM positive 
charge w*:uld move. . ZEt lurried 
out } however j piat m vnata\s 
-jfae "rtxxalfi/e" charges wo\Ad 
inaove , so that 1fae "curreyit " 
direction c opposite to the 
charge -f(o(«/. 



Visualizing Electric Fields 
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Rareh mU i, 
lp K* eha: u' 
uiK.iktU' tin 
a\ oi e hai . os 
11 Lest char ■ 
la u> i i iisiiTi 

LP 



. V mte r< sted hi Liu t lo Id of 
«phe n . Il \e want to bo able 
I Ik lo values tor a complicated 
, kith Hit actualH taking -,onio 
; and hovliv Lt around in the 
Lin I ore o . ve need a rule Lor 
the i iola value- of separate source*. 
v.irut\ o: t :periments indicate* tftat , 
am point loi an » Kctric Lie Id, t ho tie Id 
ui produc* u n\ a Loiinimiup ui ^.uioi-i 
t th». \uLor su- o: the Lie In valacs produced 
t ^h .t'uru' aKv-,_ Although w ian bo sure 
tins v. L .,p}, wctor addition onl\ to the 
of e a> rirv iual auur uy, ph>sccLst6 
that tin principle i^ absolute 1\ true'. 



A s mp 1^ t. .a 
the * hcti Lc f i 
v> uh equal ch ir 



>le i.f .Idelin ' fields 1 

kl prod deed by a pair 
s of >pposite sun. 



it 



l end in 

sphor* s 
ie urst 

£ra»» in the nar^Lii uuiuates tho in lu >tn n th 
at a p,.L.,L P whuh woulu result trotn tho pr.st.iKi 
oi the (+) charge a Km. . lin second tra: e ,hjus 
tho tu Id strength at the- sane pe-int uluch ucuKs 
result troM the presence of tho (-) char_,c a loin . 
(Tiie point P happen.s n bo ivc» as Lai fro tin 
ae.-ati.vi charge ao tror« the positive cnar^c, so 
the field strength l.s orl\ - s ,,r.«at.) Winn 
both (+) and (-) ehar.,, , > tt f re ont, tin ,1 c- 
tric tuld strength at the poiat is the wctor 
• ur. of tin individual Held >tr in-th*. a- liui- 
e^ted in the third frar.e. 



ii.ee i;\e photograph, ot object* u\ an eiec- 
,IK old line fibre clippings suspend - 

u: m oil. An electric I iclcl induce, opposite 
< l.ar/e . on the tvo ends ol eveiv tlippi-ij;. 
Hie tlippim; then line, up ln the Meld. 




9 

ERIC 



Oppo *i telv charged .pi 





The map of an electric field is not easy to 
draw. A vector value can be assigned to the 
electric field strength at ever> point in space, 
bat obviously we cannot illustrate Lhiv — our map 
would be totally black with arrcvs. The conven- 
tion which has been used for many years in 
physics is to draw a small number of lines which 
indicate the direction of the field. For example, 
the field around a charged sphere could be repre- 
sented b\ a drawing like that in the margin. 
Notice that the lines, which have been drawn 
symmetric a Uy around the sphere, are more closel\ 
spaced where the field is stronger. In fact, the 
lines can bt drawn m three dimensions so that 
the densit\ of lines represents the strength o£ 
ihi field. These lines, drawn to represent both 




the direction and strength of the field, are 
called "lines of force." Around a single charged 
sphere the lines of force are straight and direct- 
ed radially away from the center. When charge is 
distributed in a more complicated wa\ , the lines 
of force may be curved. The direction 01 the 
field at a point is the tangent to the carved 
line of force at that point. Above, for example, 
we have drawn lines of force to represent the 
direction of the electric field between a charged 
fingertip and the oppositely charged surface of a 
doorknob. The electric field vector £ at point P 
would be directed along the tangent to the curved 
line of force at P, and represented by the arrow 
at P. Note the difference:' each, line of torce 
only shows direction, and terminates at a charged 
object or goes off to infinity. But the 
electric field vector £ at each point P 
is represented by an arrow of lengtn drawn 
to scale to indicate magnitude E. 





Oppositely charged cylinder 
and plate. (Notice the ab- 
sence of field inside the 
cy 1 inder .) 



Oppositely charged plates. (Notice tht 
uniformity of the f ' 4d between then.) 
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point, then by definition the force vector F acting on a 
charge q is ? = ql A positive charge, say +0.00001 coulombs, 
placed at this point will experience a force F in the same 
direction as 2. A negative charge, say -0.00001 coulombs, 
will experience a force -? of the same magnitude as ? but in 
the opposite direction. Changing the sign of q automatically 
changes the direction of ?. 



08 What is the difference between a scalar field and a 
vector field? 

What is the direction of 

a) the gravitational field, and 

h) the electric field, at a certain point in space? 

CTU Why would the field strengths g and E be unchanged in 
Equations (14.4) and (14.6) if m and q were doubled? 



14.5 

Summary i^. 5 

i Secfric -Porcez ore So strong 
(compared . -for example } to 
qravixatiorvA forces) that we can 
balance, /tie- ^nwifattonal face, 
on an object containinq Several 
bdli'on c\fovris bi^ iPie electric 
terror on <a Girdle, electron. 
This -pact *s exploited m 
Mdlikayk oil- drop experiment^ 
'to dgte>fYrun<z, ip\& nvzjriitud^ 
of electronic ch&roje 

£ Al( possible dnattye /n 
nature, must be made up of 
multiples' of Some smallest 
cinanae <e > ifoe rn&qnitud<e. c£ 
tfie Cnanxe on ihe electron. Ihe 
Value, oT e is about t 6x lo'' 9 
coulcrrnbs 



Millikan chose fine droplets oi 
oil from an atomizer to get very 
small masses. Also, the oil was 
convenient because of the low 
rate of evaporation of the drop- 
let. 



The_ sir allest charg e. How strong are electric forces? In 
Sec. 14.3 we mentioned the fact that an electrified comb can 
pick up a small piece of paper, so that in this case the 
electric force on the paper must exceed the gravitational 
force exerted on it by the earth. But before we can discuss 
such questions quantitatively, we will introduce a more nat- 
ural or fundamental unit of charge which can always be associ- 
ated with an object that has a definite mass. In modern 
physics it is most convenient to use the charge of an electron 
one of the basic components of the atom, (Other properties 
cf atoms and electrons will be discussed m Unit 5.) 

A remarkable illustration of the strength of electric 
forces is the fact that, using an electric field that can be 
produced easily in the laboratory, we can balance the gravi- 
tational force on a tiny object, only big enough to be seen 
in a microscope but still containing several billion atoms, 
with the electrical force on a single electron. This c ct is 
the basis of a method of measuring the electron charge in an 
experiment first done by the American physic st Robert A. 
Millikan in 1909. Although a further description of Milli- 
kan ' s experiment will be postponed until Sec. 18.3, its basic 
principle will be discussed here because it provides such a 
vivid connection between the ideas of force, field and charge. 

Suppose a small body of mass m— an oil drop or small plas- 
tic sphere— carries a net negative electric charge of magni- 
tude q. if we place the negatively charged body in an elec- 
tric field £ directed downwards, there will be exerted on 
the body a force of magnitude qE in the upward direction.. Of 
course there will also be a downward gravitational force mg 
on the object. The body will accelerate upward or downward, 
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depending on whether the electric force or the gravitational 
force is greater. By adjusting the magnitude of E, that is 
by changing the source that sets up a known electric field 
we can balance the two forces. 

What happens when the two forces are balanced? Remember 
that if no forces act on a body it can stall be moving with 
constant velocity. However, in this case air resistance will 
soon destroy any original motion which the oil drop may have 
(when the oil drop is stationary, no frictional forces act on 
it); the drop will then be in equilibrium and will be seen to 
be suspended in mid-air. When this happens, we record the 
magnitude of the electric field strength E. 

If the electric force balances the gravitational force, 
the following equation must hold: 



qE = mg, 



(14.7) 



If we know the quantities E, m and g, we can calculate q 
from this equation: 



q = 



E 



(14.8) 



Let us assume that all possible charges in nature must be 
made up of multiples of some smallest charge, which we call 
a, the magnitude of the charge on the electron . (As we shall 
see, the results of the experiment confirmed the validity of 
this assumption.) Then we can write q = ne where n is a 
whole numbers 

To determine e from this equation, we would need to know 
n, the number of electron charges which make up the total 
charge q. We do not know n, but it is possible to calculate 
e, nevertheless, by repeating the experiment many times with 
a variety of small charges. If there is a smallest "elec- 
tron charge," e, then all the values of q which we obtain 
from this experiment should be multiples of that charge. For 
example, if all apples had rhe same mass, we could infer the 
mass of one apple by weighing several small bags of apples 
and looking for the largest common factor of each result. 
This is in effect what Millikan did, although he used many 
experimental refinements and a variety of measurement tech- 
niques. He arrived at the value for the electron charge of 
e = 1.6024 * 10" 19 coulomb. (For most purposes we can use 
the value of 1.6 * 10~ 19 coulomb.) This value agrees with 
the results of many other experiments done subsequently* No 
experiment has yet revealed a smaller unit of charge. 



OH How can the small oil droplets or plastic spheres used 
in the Millikan experiment experience an electric force upward 
if the electric field is directed downward ? 

<1)S What do the results of the Millikan experiment indicate 
aoout the nature of electric charge? 



t f. 
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When mg and qE are balanced, 
frictional forces remain until 
the body stops moving 



L^fer electron charae. 

The magnitude of the charge on 
the electron is e; its sign is 
negative . 



SS^S^S 1 ^*!? Cf^ Ti?^' Mayieb^ aerma^ disced a specular 

dewrtfrvtw of Y>ressu4 . lh 1tle famous l UaaoL^ Hemisphere** 

expertn^ (tbSjL) he skewed iPiat %,o teams of a pair cf hxs£ ooM not p£l apart fwo 
evacuated ^efe/ } ^ter^/ a «r prJ*«mhoki ib^X ? 

14 6Karly research w ith oloctric charges . For many centuries tne 
only way known to charge objects electrically was to rub them 
bv hand. In 1663, Otto von Guericke made and described a 

3U *£ rn £y i4r f ^ nachine that would aid m producing large amounts of charge 

/ &A Wis. middle of me etqht- by rubbina. 

e&nfiri cenTurtA, machines had 

baen tvwA&ifedr which could 

produce larae. electrostatic 

charges ? which coutt be. stored 

tn fae, Le<jdan jar 



£ 3enjary\<n ~Franklin proposed 
ihat line, iWo kinds of charge are. 



...take a sphere of glass which is called a ohial ? s 
large as a child's head fill it with sulphur that has 
been pounded in a mortar and melt it sufficiently over 
a fire. when it is cooled again break the sohere and 
take out the globe and keep it m a dry place. if vou 
think it best, bore a hole through it so that it can 
be turned around an iron rod or axle.,. . 



When he rested his hand on the surface of the sulphur 
globe while rotating it rapidly, the globe acquired enough 
charge to attract small objects. 



not realty differed— necy&ve 
charae is S*rnply a defiat of 
"elecfnc f ( re'* and posit*\fe charge 

IS a Surplus. Thus pOSitfve, and B Y 1750 electrical machines were far more powerful. Large 

negative chary*? can COrxc*l out. glass spheres or cylinders were whirled on axles which were 

™ WW earl* exprtssicn of in turn supported by heavy wooden frames. A stuffed leather 
wndL is now culled conservation , leatner 

Of Chary* PdG substltu 5 Gd the human hands. The charge on the 

globe was often transferred to a large metal object (such as 

a gun barrel) suspended nearby. 

These machines were powerful enough to deliver strong 
electrical shocks and to produce frightening sparks; they 
were not toys to be handled carelessly. In 1746 Pieter van 
Mu ,ochenbroek, a physics professor at Leyden , reoorted on an 
accidental and very nearly fatal discovery in a letter which 
begins, "I wish to communicate to you a new, but terrible, 
experiment that I would advise you never to attempt yourself." 
Musschenbroek was apparently tryina to catch the electrical 
genie m a bottle, for he had a brass wire leadina from a 
^ „ ^ charaed gun barrel tc a iar filled with water. A student, 

J ' N " S " Allanand, was holdino the jar in one hand and 
Musschenbroek was cranking the machine. When Allamano tried 
to qrab the brass wire with his free hand he received tne 
shock of his life. They repeated the experiment, this time 
with Allamand at the crank and Musschenbroek holdma the jar. 
The jolt was even greater than before; Allamana must have 
been aivin- his all at the crank. Musschenbroek wrote later 
that he thought "...it was all up with me..." and that he 
would not repeat the experience even if offered the whole 
kmcdom of France. Word of the experiment spread rapidly, 
and the jar came to be called a Leyden jar. Such devices 
for storinc electric charge are now called capacitors. 




• so jr 




Capacitors, familiar to anyone 
who has looked inside a radio, 
are descendents of the Leyden 
jar. They have many different 
functions in modern electronics, 



The Leyden ]ar came to Benjamin Franklin's attention. He 
performed a series of experiments with it,, and published his 
analysis of its behavior in 1747. In these experiments 
Franklin showed that different kinds of charge (which we 
have called positive and negative) can cancel each other. 




Because of this cancellation he concluded that tho twe kinds 
<~>f charae were not really different. 

rranklm thcuaht that onl- one kino of clcctnoUv rvvd 
bo irv^kod to explain all phenomena. lie considered a bom 
to be charqed positively when it had an excess of "< loctr 1 <\j ] 
fire" and to be charged negatively when it had a ceficit oi 
it. Although this view is no lender held today, it was suf- 
ficient to account for most facts of electrostatics knrun 
in the eiahteenth century. 

rranklin's theory ti lso suggested that electric charce is 
not created or destroyed. Charges occurring on obn«ct«; are 
due to rearranqerent of electric charges— this wa- <, rec at- 
tribution rather than a creation of "electrical fire." sim- 
ilarly, positive and neoative charaes can cancel or neutra- 
lize each other without bema destroyed. These ideas are 
contained in the modern principle o* conservation of charce, 



Franklin's drawing of a Leyden 
Jar. It can hold a large charge 
because positive charges hold 
negative charges on the other 
side of a nonconducting wall. 

In fact , alfnouah fundamental 
particles are both plus and 

minus, it ts usually on(u fte - _^^r^_— - - 

electrons which ate Trans ferret WhlCh ltS takon t0 bc a vor V basic law of nature as (1 ro the 

between dnarned \^sv4,*r c,.^^> conse* vat ion nn nnmi^o ^ r _ *. . , 



between charged bodies, Since 
vfe positive, ions are bound 
muck mom. 1f<frtiu. franklins 
V\euis } in a ItmiteU way } correct. 

14.7 Eloctrj^curronts, Until late in the eighteenth century, an 



conservation principles of momentum and energy. 

O * what experimental f>et led Franklin to propose a theory 
based on the assumption of a single type of chatge? 




Count Alessandro Volta (1745- 
1827) was given his title by 
Napoleon in honor of his 
electrical experiments. He 
was Professor of Physics at 
the University of Pavia, Italy. 
Volta showed that the electric 
effects previously observed by 
Luigi Galvani, in experiments 
with frog legs, were due to the 
contact of metals and not to 
any special kind of "animal 
electricity/' (See the article 
"A Mirror for the Brain" in the 
Project Physics Reader 4 for an 
account of this controversy.) 



appreciable movement of charge or electric curre nt could be 
produced only by discharging a Leyden jar. Such currents 
last only for the instant it takes for the jar to discharoe. 

In 1800, Allessandro Volta discovered a much better way of 
producing electric currents. Volta demonstrated that the 
mere contact of objects is sometimes sufficient to produce an 
electric charge. If different metals, each held with an in- 
sulating handle, are put into contact and then separated, one 
will have a positive charge and the other a negative" charce. 
Volta reasoned correctly that a much larger charge could Se 
produced by stacking up several pieces of metal. This line 
of thought led him to undertake a series of experiments which 
led to an amazing finding, reported in a letter to the Royal 
Society in England in March of 1800: 

Yes! the apparatus of which I speak, and which will 
doubtless astonish you, is only an assemblage of a num- 
ber of good conductors of different sor.s arranged ^ n a 
certain way. 30, 40, 60 pieces or more of copper, or 
better of silver, each in contact with a piece of tin 
or what is much better, of z:nc, and an equal number 
of layers of water or some other liquid which is a 
better conductor than pure water, such as salt water'" 
or lye and so forth, or pieces of cardboard or of 
leather, etc. well soaked with these liquids.... 

I place horizontally on a table or base onc'-of the 
metallic plates, for example, one of the silver ones, 
and on this first plate I place a second plate of zinc- 



Votta -found 1hat when different metcds are put trfi contact a flow 
of charge can be produced ) thus be, invented ike electric cell. 
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tiote fthat foe bottom - most the, top most z-mc 

dtscS are irrelevant and not mc'uded in the illustration us 

on this second plate I lay one of the moistened ..isrs. 
then another plate of silver, followed immediate!/ by 
another of zinc, on which I place aqam a moistened 
disc. I thus continue in the same way couplir/: a plate 
of silver with one of zinc, always in the same sense, 
that is to say, always silver below and zinc above or 
vice versa , accordinq as I ben an , and insert ma between 
these couples a r.oistened disc; I continue, 1 say, to 
foim from several of these steps a col urn as hiqh as 
can hold itself up without fallina. 

Volta found that the discharge of his apparatus, which 
he called a "battery," produced an effect similar to that of 
the Ley den iar but more powerful. He showed that one end, 
or "terminal , " of the battery was charged positive, and the 
other ivoative. On the basis of such evidence, Volta arqued 
that the eloctncity produced by his battery was the same as 
the electricity produced by rubbing amber, or by -friction in 
electrostatic machines. Today this miaht seem obvious, but 
at the time it was important to show that many phenomena such 
as liqhtninq, sparks from amber and currents from a battery 
have a common physical basis. 

Volta's battery was important because it provided a means 
cf producing a more or less steady current for a lonq period 
of time. Thus the properties of electric currents as well 
as rtatic electric characs could be studied in the laboratory. 

In what ways was Volta's battery superior to a Loyden ] u ! 

14.8 Electric potential difference . The sparking and heating 

produced when the terminals of an electric battery are con- 
nected show that energy from the battery has been trans- 
formed into light, sound and heat enerqy. The battery con- 
verts chemical enerqy to electrical energy which, in turn, is 
changed to other forms of energy in the conducting path be- 
tween the terminals. In order to understand electric currents 
and the way electric currents can be used to transport en- 
ergy, it is necessary to understand electric potential differ - 
ence. This term may be new to you, but actually you are al 
readv familiar with the idea under another name: "voltage". 

Change in potential energy is equal to the work required 
to move an ob]ect f r ict lonlessly from one position to an- 
other (Sec. 10.2). For example, the gravitational potential 
energy is greater when a book is on a shelf than it is when 
the book is on the floor; the increase in potential energy 
is equal to the work done raising the book from floor to 
shelf. This difference in potential energy depends on three 
factors: the mass of the book, the strength of the gravita- 
tional field, and the difference in he ght between the floor 
and the shelf. 



A- An //<£ battes~iA 
A Vottaio p\\e 




Vol taic eel 1 



Voltaic pile 
oi battery 




A 1^-volt cell is one which has 
a potential difference of 1^ 
volts between its two terminals. 
(Often called a "battery," al- 
though technically a battery is 
a group of connected cells.) 
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< bummaru ft 

/, The behavior of eXecTnc currents can be. understood with ihe help of the concept of electric 
potential difference (vofaye), defined as ifce ratio of the change in eiectnc p-*wftal energy cf 
a charge, to the, ynaymtoU of the charge . %e unit of potential difference , tfe \*>tt> equak I pule [coulomb, 
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t TV™ °* ctfwcrr * d "rt> K""Kc eneray a c^arae mowec ,„ an elccTr^ Zeld 

■mrnof* t a prfertKl d.frv&ce of one volt, ,t ma*az*A .ft hnetic e^erau bu I 6* 10'" .<».'« fc.s 

AmmxnU ^ erteryy is defined 8 ^ J J J 
as one.'' electron voft\ 



I ; a similar w.nv t *ie oioctr 



O 



A 



'Hie svmbol V is vised both for 
"potential difference" as in 
ll<\. 14.9, and a.s abbreviation 
lor volt, the unit of potential 
difference (as in IV - 1 J/coul), 



E L 

Suppose, d- £ 
£"-3oc? N(coul } and 
ci - /CT* 1 ccxa| . 
Then the work done 

= 0o' 9 coui)(icoufcD(A)( . oam) 

The potential difference 
tell joutes 

= £> votts 



The unit *f electee -ftefd sfrenctfin, 
newtons/ coulomb, is equivalemto 
volts/mete^ which is more csn- 
veruent m vnany &pp\\cdt\6n$ . 
Tfcis K5 pointed out in 5ft 14,. 17 <W 
U5e^ in SC, 14-. i£ 50 14.. aa. 



when work is done on an electric c.\.<r>n 
ooir.t to another in an electric fu^:, '; 
char.nt m potential eneroy oar. bo r> 
the nnamtui!^ of the charae q a*;. 5 . « : . ^ 
potential difference that ci k-.jv ^ * :t 
the location of the two points. L'leotr.o 
ift th e rat io of the ch a :i 00 1 n e k-ctr 10 : - 



Shl±J3P_._A° the magi. i tj^-'_ of the char 



I • 



The units of electric potential diff. rcr.ee tt r>* \ l ' - 
morqy divided by charge, or joules :,er coaUi.:. 

The potential difference between two - ,.snt" .1 ♦ . • 

be 1 volt ii 1 joule of ;;or , is done m r ' ,n ) - / ~. 
charge from one of the points to the ct r. 

1 volt = 1 touIo/couIohji. 

The potential difference between Uo points m 
electric fie^d depends on the location of t_\e ;,om' • .* 
on the path followed by the test charqe. T' u° it t. 4 : 
to speak of the electric potential difference tet.,. ■ 
points, just as it is possible to speaN of t he dif.r«-.t 
qravitational potential lerqy between two p<unts. 

Let us see how this definition is used in a simjU. 
by calculating the potential difference between uo :o.M 
in an electric field, such as the electric fielu u.sec m 
the Millikan experiment. Consider two points m a uniior:r. 
electric field of magnitude E produced by oppositely 
charaod parallel plates. The work done moving a pcs.tiv. 
charge q from one point to the other is the product of t:, 
force qE exerted on the charge, and the distance d alena t .. 
field through which the charge u moved. Thus 

' (PE) = qEd. 

The electrical potential difference, defined above, is 



c£d 

q 



Ed. 



1 ; 



(Note that the electric potential deference is dofim 
such a way that it is independent of the magnitude of 
charge that i<= moved.) 

Electric potential energy, like gravitational potei.t.d 
energy, can be converted into kinetic energy. a charge 
placed in an electric field, but free of other fores, will 
move so as to increase its kinetic energy at the cxpe:'.sc cf 
electric potential energy. (m other words, the electn,- 
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^ articles 
: or. volt (seo 
j t ly r.o* 

l r*- tic or.orgv 



u .rtb ..t pt n,: 



^ r *** it . 




P irt u !• aCi hr.it r- tort in a *i*<. variety of 
^ ip. a* V i •* . Tnv> ^ »n be as corraion as 
;0^-.. \l ..ilio.copL, ana 20,000- /olt TV "vxuns" 
( rfr t • l*« St^i'v GuicU) , or as spectacular 

ir» • * •! thi. put. On the left i <>ho*n 
r, irl I i ?' 1 kt. volt pr^i n accelerator at 
h . • . i .1 Lafturat jr> on Lon»> Is Ian 1 . 

l • ~v part t 1.3 rdllUn voit electr r 
. A : t r i . b ' * 1 , Switzerland. The particle-* 
: 7 • • i. . r it r- ir» i inji'tttd into stiil 

1 L , < • :v r • .in t urthi r acci li t Jt* <j 

• , j t » . i ' , ti»T k r i , a rtlutivcl> 

. ^ * ; k i . i : : • re- , - . 
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fKccordivycy id Ohms law y 1fae. total 
Current prvporfe^al 1b 
pdfenUal difference . lhe„ law rs 

catted tfcs resigtancje. . 



14.9 r: >-:r — potential cif foror.co and current . Tho acceleration 
: '. »n electric field of an electro:; in a vacuum is th » sim- 
pl-.,t ova-pl e of tho effect of a p< ton.tial d. fforer.ee or. a 
" .r'iclo. A -.ore familiar example is electric error, 

in -<■♦ il wire. Here the relation botwoen motion ana poten- 
tial di: Terence nuh* seer to be rore co-pl icatod, because 

ith the 




Parts <.;i 
n ch<. tv 
-J. Thcs 
:<-.irl> ccst. 
current ratic 
•*ricr is inc J i 
str ipt s) . 



t u ct r ic c ircuit 
l niv t .rec ■: p. 



electrons in a metal are continually interacting 
ators of the metal . However, there is a simple reiatic 
which is approximated valid in the case of -otallic jo 
ouctors : tho tot al Jrjrojit proportional tr tho r ctm 
d i f ferer.ee ; 

cur. c-r.t 

Th i s re 1 a 1 1 on \ 
the form 



(I ) potential 
:ulled Ohm's law 



. f forerco » V) . 
It visaall*. writto: 



I 



V/R 



where R i<^ called the resistance, 
the resistance cf c 
ciafoly with current or vcitace 



(14.10) 

Thas Ohm's la* states that 
lven substance does not charae appre- 
( 1 1 dee s , however , chanc . 



with the temper 
Ohm 



tiure , ler. Jth \nd 



ureter of 



law is a aocc empirical approximation, but it does 
~t have the bread appii- lbi lit/ of more important laws such 
s tn^ law of universal gravitation or Coulomb's law. We 
1 1 use it mair.lv in connection with the discussion of eiec- 
' r oo*er transnssien ir. C.nooter 1'. 



Hou aot s tlu ^iront ir. a -K<.alli^ conouctor change it the 
potential difference between the encs of the conductor is doubled? 
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potential difference and 



sower. When a batterv is 



I Wher\ a steariux current fiends 
1fcrzx&jr\ a tnaterwil . mos* of the, 
work done, cm ffce^ chorals ts 
dissipated, m heaftnej the material 




vnoUc' machine 



• cted in an electric circuit, chemical changes inside the 
r tt^ry pi educe an electric field w.nich charges one terminal 
- t' *vc ar/j one terminal positive. The voltage of the bat- 
u r-. is a measure of the work per unit charqe done by the 
,NV ' clric fiel : •:. moving charge through anv external path 

~ one terminal of tne battery to the other. If the charoe 
- .ul * rove f r- * iy from one terminal to the other m an evacu- 
ito ■ tjbo, work :ono on the charae would just increase 

th- K.ne-ic or. ray of tho charge. However, if the charge 
-"vn . tnroach - -r- -atonal, it uill transfer energy to the 
nat- rhrouah oo1ii,kp.^ sore of the work will go into 

r.*.rv: t : • in -rnal ir.» ray of the material. If, for 
f -^r»l", the r ^toiy is forcing charges through the filament 
t >> :lashlnht bulb, the electric work done on »ho 
! v i'^ dissipat* i in ho.i tho filament. (T u * h t *.]- 

'.t raaif-s on»-rgy, c fra^t*.-n of wai-.h is in thr 

■ f Molt: 1 i,;h» ) 



Recall now that voltaue (potential difference) is the 
arount oi wo rk done per unit of charge transferred. Also 
current is the nurber of units of chat js transferred per 
unit tine . So the oroduct of voltaae and current will then 
be the anount of wo rk done per unit t ire : 

V( ]oules 'coulorb) • I (coulombs 'cec) = VI ( joules/sec) . 



But work done oer unit t i ie is called uower. 



The unit of 



power, equal to 1 joule/sec, is called ci "watt." Using the 
definition of arpere (1 coulorb 'sec) and volt (1 ;oule/c< u- 
lor.b) , wo can write for the power ?: 

P (watts) - V( volts) ' I (ar.peres) . ! 14 ,11) 

VJhat happens to this :.owcr? As the charge rroves to a 
lower potential, it does wcrk against the resistance of the 
material and the electrical energy is converted into heat 
eneray. I ? V is the voltage across some material carrying a 
current I, the power dissipated as heat will be P - VI. Thi^ 
can be expressed in terrs of the resistance of the material by 
substitutmc I R for V: 



P = IR * 

p = r'R. 



(14.12) 



$t TFie work done f&r second wne*i 
the, current (S one ojt.jo and the 
potent', al difference tT one, vott , 
is i joul*/ Sec * I watt > m qenerai^ 
rtxe vovs+r (in watts) ir equal tb tfie 
y>rvduct of \/o[&ye and current 
fit: VI {{or steady carynfc). 

3 Cambininq tPie above expnzszon 
for power Wtfn Ohms (aw, we. 
have P~ X" 2 . Ifris expression 
w \ll be usefull m Ch it> } m 
oormectlon wttU heat loss m 
irxxjnsvnrzion lines . 

Kxar.p lc : A saail flashlight 
bulb connected to a l.S-volt 
ceil win have a current of 
about 0.1 ampere in its fila- 
ment. At what rate is electric 
work being done to heat the fil- 
ament in the bulb? 

? = VI 

= 1.5 volts x o.l acips 
= 0-15 watts 

(Only a small fr ction of this 
power goes into the visible 
light energy radiated froa the 
filament .) 



Joule was the first to find experimentally that the heat 
produced by a current is pjopoi tional to the square of the 
current. This discovery was part of p.is series of researches 
on conversion of different forms of energy (see Sec. 10.8). 
The fact that tie rate of dissipation of energy is propor- 
tional to the square of the current has great significance 
in making practical use of electric energy, as we will see 
in the next chapter. 

Qli) What happens to the electrical energy used to move charge 
in a conducting material? 

*J7 -« How does the power dissipated as heat in a conductor change 
if the current in tne conductor is doubled? 

Currents act on magnet s. Since early in the eighteenth cen- 
tury there were reports that lightning had changed the mag- 
netization of compass needles and had made magnets of knives 
and spoons. Some believed that they had magnetized steel 
needles by discharging a Leydcn ;ar through them. These re- 
ports suggested that electricity and magnetism are intimately 
related in some way. 

None of th^se occurrences surprised adherents of the na- 
ture philosrph-^ current in Europe at the start of the nine- 
teenth century. They were convinced that all the observed 
forces of ni^ire were different manifestations or a single 
forr^. Th^ir ret an*y"* l <"a 1 belief in the unity of physical 



Dbule OpfOrenV^ embarked 
on ffas pro^.-am while con- 
Siderina possible corwysiorx 
d? his -pa/Hers brewery from 
Sieam t& electrical power 



(. In izio, Oersted found Ibd* 
a Current axeAs force on a 
rna&jriefic< needle, } ilne force « 
perp&ndicaio.r 1b ipte line -frvrrx 
Current tb rnacyxet. 

Ifie shape of Ifcz mac\netic 
h'nes of -force around t\ currmrft 
Can be shown with ywn f\\\nac } 
Una lines of farx>e areurvt a 
cod of wtre are similar id -those 
around a ho\r magnet. 



£36*; CurrenTs and forces 
J>^ : Curr&rfs and -forces 
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Oersted's Discovery 



Hans Christian Oor.suv. < 1 7 7 7 — 
'SSI), a Danish physicist, 
st 'died the writings of the 
nature philosopher Schelling 
and wrote extensively on 
philosophical subjects himself. 
In an essay published in 1813, 
he predicted that a connection 
between electricity and magnet- 
ism would be found. In 1820 he 
discovered the circular magnetic 
field around an electric current 
by placing a compass under a 
current-carrying wire. In later 
years he vigorously denied the 
suggestion of other scientists 
that his discovery of electro- 
magnetism was accidental. 



/ > 




To make the ph^to^raph beiou, a th. *; .-ire .as inserted through a 
sheet of cardboard and tiny slivers f iron uere sprir.klet' on the 
sheet. A strong current through the uirc creates a magnetic field 
-inch causes the sliders to become ragnetized and to line up in the 
dirvct ^>n of the fit Id. 
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An ar ay of tiny . o*npa*, »t s on a «, » # t <. f < u>:- 
board pi lcf. i perp< n<: u ul jr to a or as*, r<«», y n « n 
th«r«' . s a strong . ar:«nt in th» ron, t-» ovp i< • 
r.».'.:l»s Iin< i,p along th< 7agr«tK li.iJrf f» 
i *. nt an :n *i it . f Kit tht 1 n.rs r r • . . r . 
i r , ! ar r n ,J ' r . i . 



to roes 
trie if 



~r33 : >£?nc£S between Current carr*&*$ 

would, in fact, lead Hut* to c-xpeot thit * !■ 
.v.ttio forces were associated in sc^v w.iy . 



*ir'*>t concrete ivvdencv 



a jcr.noct i' r : l v'a« * : * I» c - 
' »r.a r«».:r.» tiiO o :rc ir. 1*00, wr.cr. O^rst-d ::.rr t -i a 
us r.t'rifs 'f exrcri^/.tf . i)» rstu: uiaere a " : ■:. t u- 



:Ct v. t r.e a i re .1 i or. : * *.<• tan* 



r r t h - ' 
: .r ill. 
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v.t t ' 
> * r • t 
r- • t > 



s t tr.t •ww.r- 



r l ■ n t a 1 1 ' r. — .c r : **r. l e « . a r 
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vi r*> : " i : c:> ir::« 
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"Oersted * in Articles 5ection 



\s r- .\:.t.> v.er<. 



<_ ,v rr:.-sc«t:. liru or. <. ra;r.t't ~s tar.^er.c ec a circle 
;.:t :. »s it.- XT.t j»r at tru v. ire and lies ir. a rlare rorvon- 
;cj l:.r " r td:< v. ire. cr* rw, tr.o current r reduces i cir - 
a 1 i r fore v field, r. r «. ». c a t ra 1 f o roe f : e I u . 

J ~ : s s r.^ e a 1 e s a r • ■ de * " ♦ o t d i r tr.- rczirr. r.e a r a err- t. 
• !•/ t:.o 'urrt r.: •.reduce-- > ~ e: re • t : c field tncre. Wt» 

. i. : ~e j 1 1 ve r.' : : -o : am :h s* rv-. i-= *.r.* z< ~" iss r.«- 
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s: this, mstoa*. of usira a Ion: stnsunt uirv .vip,s tnro:-; 1 



a ::oU 



• Jp'* r - iS ab'vo, 'm' Ler.u th.- wjj. 



5urrnnarij |^ /a 

/ Ampcffe ; hear/™ of Oersteds 
Atsooveru } reasoned^tfxat currents 
Should act on curnedfe ,He fcer? magnet, 
discovered and ^crowahfuj wves- — - 

forces between currtvtts 

2 Ihe unit of current ? fpfe 
ampAre , /<r ofttciciiu defined w 
ferms: *f /nag^efc "^rceS" between 
current- exxrrama wires . 



that it ac s through the m;u jr. t ..s • ] . je-* , 7ht r\,,7:.ati ■ 
effects of the different ;arts of the o n t:u» iron. a\i\ k 

■ nbir.o to prcdao a : u-lu pattern similar t:iat of a ia: 



I ihh : 



-•hat conditions can eleeti it chan.es arfect nonets? 



W-.u ** j*» surpiisuu about Uu fosn 1 vu:nMt l3l i'rt«, 0:1 
a -a, a- t . 

' How do we know that a current has a na/netii fuld 
aroanJ it.' 




Andre-Mai te \npere (1775-1836) 
wai, bcr:» in a village near 
\»ons, France. There was no 
bcnool . n the village and A.i- 
pcre w.io entirely sell -taught, 
ms or was executed durin^ 
t' e Trenci. Revolution, and 
Arpere 1 ^ entire personal lite 
^eer~.s to have been ai tec ted f >v 
: is . ither'.. a eat: . A.npe-„ 
aucarc a pro lessor 01 "\ithe- 
-.atics i'^ Tarts anc r ade inpor 
*ant con c r\b <t ions io p!.y>ics, 
-aincra: ic > , ard : e p. iiooop: y 
or n-ioskc, His. ooi: -por Lral : 
- reprod ed above. 




14.12 Curr ents act on currents. Oersted's discovery opened up an 
exciting new subject of research. Soon, scores of oeople in 
laboratories throughout Europe and America began intensive 
stadier on th_ magnetic effects of electric currents. The 
work of Andre-Marie Ampere (1775-18^6) stands out aronc all 
the rest. Ampere came to be callea the "Newton of electric- 
ity" by James Clerk Maxwell, who some decades la^er was tc 
construct a complete theory of elect- lCitv and magnate, 
ampere's work is filled with elecart mathematics, whicr. we 
? ' ,nnot detail. But we can trace some of his ideas and r- - 
xew sorre cf his experiments. 

Amnerc-'s thoughts began racing forward as soor. as no heard 
Oersted's news. he began with a line of thought somewhat a? 
follows: since magnets exert forces on each other, and since 
maqnets and currents also exert forces on each other, can it 
be tr.at currents exert forces cn ctner currents? Altho:ian 
it is tempting to leap forward with a reply, t h e answer is 
not obvious. Amnere reconnized the need to let experiment 
prevde the answer. He wrote: 

Wnen...M. Oersted discovereJ the action w.u~h a current 
exercises on a magnet, one miqht certamlv have sus- 
pected the existence of a mutual action be-ween two 
circuits carrying "urror.es- but this was not a neces- 
sary consequence; for a bar f soft iron also acts on 
1 Monetised needle, although tnore is not mutual jc- 
<-ior. between twj bars of soft \ ron . 



I 1 .n . 
\ • • : 



sc Ampere : 
. ltnir. a 
* ~: • r». r-a 
. k :. 1 1 



>r nunc- to * he test. Or. So: L'-mb^r 30, 
• r ..;r . ' : r,< ^ted's work re icr.od 

-rr- :.• - • s rr : v. x r- ■ A < r* f-ro 
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current. In the laboratory you can repeat some of these ex- 
periments and work out the force law. We will not need to 
go into the quantitative details here, except to note that 
the force between currents is now used to define the unit of 
current, wh ch is called the ampere (as mentioned in Sec. 
14.3). One ampere is the amount of current in each of tv.o 
long straight parallel wires, one meter apart, which causes 
a force of 2 • 10~ 7 now tons on each meter o* wire. 

> Writ jas Ampcii's hun«.n.' 

Electrical units (summary) 

The ampere is the fourth fundamental unit in the so-called MKSA 
system (meter, kilogram, second, ampere) which is now widely used 
by physicists. 

The coulomb is defined as the amount of charge that flows in 
one second, when the current is 1 ampere. 

The volt is defined as the potential difference between two 
points such that 1 joule of work is done in moving 1 coulomb of 
charge between those points. 

The watt is defined as the amount of energ> flow per second 
(or vork done per second, or "power") which corresponds to 1 
joule per second. Thus a current of 1 ampere due to a potential 
diffeiance of 1 volt corresponds to 1 watt of power. 



3£ Magnetic -fields awX 



(The numerical f sic tor of 2 x 10 
was chosen, somewhat arbitrarily, 
m ordei to ^et a unit of con- 
venient size for practical use.) 

TTie MKsa unit of maqneXic 
field is defined as a ^-leld 
That prodiAC&s a force of 
one newfbn on a Oiavx\€ 
of one ajulomb moving at 
ngHt angles id the direction j 
of Q with velocity of one 
rnefer pev second:. This 
yviaqne/tic -fieid urut is know 
as 1ne tesia , in honor of 
iPie tyuops[ow{<zr\ electrical 
enotn e&r Uikda Testa. (The 
"fesfe is {d&sKicoL'Xo +he 
weher meter- * j 



The kilowact is eaual tc 1000 watts. 



r 

eilowatt 



The kilow? r *--Pour is the amount of work done when one kilc 

It is equal to 3,600,000 jouQ.es 



of power is used for one hour 
(1000 joules/sec < 3oO° sec). 



The ohm is defined as t K e resistance of a material which allows 
a cur^nt of just 1 *i"pert if the pctsntial difference is 1 volt. 

14.13 v Tone tic fields and moving charges . In the last two sections 
wo discussed the refractions of currents with magnets and 
with each otr.'ar. Tne analysis of these phenomena is greatly 
simplified by .he use of the :oncept of magnetic field. 

Electrically cnargc Lodies exert fotces on each other. 
When the charged LcJies are at rest, we say that the forces 
are "electric" fcr;es ana ima;m<_> "electric fields" which are 
responsible for cnen. W.vn the charged bodies are novma, 

r to the electric forces 

^tribute the: to "maanetic 



ManiA physicists v&rsisl m 
usiyio CQS units wUere the 
unffof if is the gauss (ffes/a 
- 10* ofxuss) 



In modern physics the magnetic 
field strength is given the 
symbol B, and is defined in 
teems of the force exerted on 
a charge moving through the 
magnetic field . 



ne forces appear in ac.di: ! 
these new forces "magnetic' 
fit- Ids,. " 



Tne rragnet i 



'or i ■ t\ r : 



f ch *^g" : ..'"-dies 
;ince it deperds 



-n tne 



dl t «!• 



t inn of t- ► 
1 1, t re drscr 
, f t he f f, r<*» 



* r ' • cj 



&£*\erc*x when a cWxrap, YnoveS ^rtrouo^x a rnaop 
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held Vfte -ore* o* tUe cHartyz 



\ cur 
rY\OVZ 



wo call ' a c ^<orye <^ moves 

wfa speed v tn a direcXion 
perf&ndtctik*r ~fo o malefic 
fiexA 3 ; 1h<z rnc^Yiitud*. of line 
farce orx charge r$ 
'F^q^vS. 7Pte direction offre 
-force rs a^i^ays- p&rjpend -i/* cir 
both, fa the direction of the -field 
and to /he direction of motion 
of the, chancy 



as 'unr 



Magnets and Fields 



•V 

V 



The diagrams at the right represent the magnetic 
field of a current in a loop of wire* In the 
first diagram, some, lines of force due to opposite 
sides of the loops have been drawn separately. 
One example is given of how the two fields add 
at point P, Some lines of force for the total 
field are drawn in the second diagram. Below 
at the right is a photograph of iron filings in 
the magnetic field an actual current loop. 
Below at the left*is the field of a series of 
coils, or helix. 






ERIC 



.act; 



ap: 1-cat .o;;s, fror. uocr^elis to cyclotrons, magnetic fielas 
«, : :// co-is ot wire around Ton cores. The iron core 
Z^ot^f.d and increases t.ie strength of the fieic by a 
^ ■ oi Such devices are cabled electromagnets. 



The first electromagnet, invented by William Sturgeon in England 
in 1824, could lift a weight of nine pounds. In 1832, Joseph Henry 
constructed an electromagnet at Princeton which could hold up a weight 
of 3,600 pounds. Modern electromagnets which can lift 40,000 or 
50,000 pounds of iror are widely used in industry. 





In «t picture i at Left, 

i ro». ^ai 1 Line up i ' % a sti >. 
na, * t. 1 1 < icKi [>t >.i . . laive 

k r r t * " i » >pei > d'i' 1 i *>' 
k . • i , r ei't a t ♦ a'o\ e a* •> 1 . • e 
. I .,.s ' • 1: • . 
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A useful rule:« 
if your fingers 
point along B, 
and your ttiumb 
^long v, F will 
be in the dir- 
ection your palm 
vould pur>h. For 
pos. charges use 
the right hand, 
and for neg., use 
the left hand. 




1 A 




on a magnet is perpendicular both to the direction of the 
current and to the line between the magnet and current. 

Suppose we have a magnetic field B which may be produced 
either by a magnet or a current, and study how this field 
acts on a moving charge. The force on the charge depends 
on three quantities:- the magnitude of the charge, the ve- 
locity of the charge and the strength of the field. if the 
charge is moving in a direction perpendicular to the field, 
the magnitude of the force is proportional to each of these 
quantit ies : 

F « c 

If the charge is moving in a direction parallel to 5, there 
is no force. For other directions of motion, the force is 
proportional to che compone nt of the velocity perpendicular 
to the field direction, v M . The direction of the force is 
always perpendicula r both to the direction of the field and 
to the direction of motion of the charge . 

The force exerted by a magnetic field on a moving charged 
particle can be used to define the unit of magnetic field, by 
taking the proportionality constant equal to one. This def- 
inition will be convenient here since we will be mainly con- 
cerned with magnetic fields as they interact with moving 
charges (rather than with forces between magnets). ln the 
case when B and v are at right angles to each other," the mag- 
nitude of the force becomes 



qvB. 



(14.13) 



1 ' 




The path of a charged body in a magne tic field. The mag- 
netic force on a moving charged body is always "off to the 
side," that is, perpendicular to its direction of motion. 
Therefore, the magnetic force does not change the speed of 
the charged body, but it does change its velocity. if a 
charged body is moving exactly perpendicular to a uniform 
magnetic field, there will be a constant sideways pusa and 
the body will move along a circular path. 

What happens if the charged body's velocity has some com- 
ponent along the direction of the field but is rot exactly 
parallel to it? The body will still be deflected into a 
curved path, but the components af its motior, along the ti»ic 
will continue undisturbed; so the particle will tr.ice out a 
coiled path (see sketch). if the body moves directly alonn 
the direction of the field or directly against it, there is 
no force. 

Sore important examples r>f the deflection ot chjrg-d r ar- 
ticles by magnetic field, will discu-ed in tr.its ■ iu j 



Addttwruk activttiis aemq ifie electron 
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14 13 



Here we will mention one very important example of tne 
"coiled" motion: the Van Allen radiation belts. A stream 
of charged particles,, mainly from the sun but also from outer 
space,, continually sweeps past the earth. Many of these par- 
ticles are deflected into spiral paths by the magnetic field 
of the earth, and are subsequently "trapped." The extensive 
zones containing the rapidly moving trapped particles are 
called the Van Allen belts. Some of the particles which 
escape from these radiation zones are deflected toward tne 
earth's magnetic poles where they hit the atmosphere and 
cause the aurora ("northern lights" and "southern lights").- 

So far we have been discussing the interaction between 
currents and magnets and between magnetic fields and charged 
particles. These interactions have important consequences 
for society as well as for physics,, as we shall see in the 
next chapter. 

O' r > Which of the following affect the magnitude of the 
magnetic force on a moving charged particle? 

a) the component of the velocity parallel to the field 

b) the component of the velocity perpendicular to the 
field 

c) the magnetic field B 

d) the magnitude of the charge 

e) the sign of the charge 

* Which of the items in the preceding question aftect the 

direction of the magnetic force on the charged par* 1 icle? 

Why does the magnetic force on a moving charged particle 
not change the speed of the particle? 



Jame* A. Van Allen (b. 1914) Lb 
an lowa-borr phvsicist who 
heads the ^roup th.it designed 
the instruments carried b\ the 
tu'st American satellite, 
Explorer X* The zone* ot hu»h 
energy particles defected b\ 
these instruments are discussed 
ir an article bv Van Allen, 
"Radiation Belts Around the 
Earth" in Project Physics 
Reader 4 » 

This is only a Simplified 
skefck . The acfaod field is 
vertj dfttoyted by the 
sofcar wind j as (K iP\e 
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charged 
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How mich mist >m U alter the distance between two 
bjects in order to keep the fires n.i them constant if 
■0 triple the net charge on eicb^-r- . e j 

b) halve the net charge on each 9 ul\T 

c) double the not charge on one an^ffiflve the not chin-c 
im the other? 



Chorof shift m neutral 
body brings sow charge 
<\os&r -ib ck<xrycd body 
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Keep distance -the same 

How far ,part in air trust two charged spheres be placed 
each hiving , not charge ,f 1 coulomb, so tint the force on tier, 
is 1 newmn" q %5<lo + m or ^ km 

If electrostatic induction doesi't involve the id lition or 
subtraction of charged pirticles, bit instead is just the sep.n 
ti..n nr redistribution, of clnrged pirticlcs, h<n, cm v ui e plain 
the fact that attraction results from induction? ' 

\n dluminiim-piinted ping-pmg ball hanging by a nylon thre id 
fr>m a ring stand is touched with a finger to remove any s'ieht 
charge it miy hive had. Then a natively c hai M d tod is biom-ht 
up close to but not touch un: the ball. While the rod is !u Id ' 
there the ball i s m >mentarily touched with a finger- tnen the rod 
is rem wed. Does the ball „ >w have a net charge? If y ,„ thlnk ' ^ 
it has, make a few simple sketches to show hn; it became chawed ' 
indicating clearly what kind of charge it has been eft with. ' positive 




a) 



b) 



c) 



Calculate the btrength of Lhe gravitational Held oi the 
noon at a point on it> surface. '11. u uass ot the noon is 
/.3 x 10 - k^; and its radius is 1.74 . 10' vu ( , N /., 
Calculate tlu- <;ravi tat i on il fuld it i point noat the 9 
burfict of a small but i\honul> d.nse stai, LP337-t«h, 
whese laduis is 1.5 10^ m and wlose density is 10-^ 
k M /nr\ J^AkIO* tf/Ka 

The gr ivitational field of t unitorni spheric il sin 1 1 is 
^>to inside the shell. Uht this principle to^ethet with 
Newton s f ;r ivi t a 1 1 on il f or, e 1 iw nd tin formula for tin 
volume uf a sphere O/i , J) to find out nou the ,a n i - 
ticional field at i point P msiUe a plaint depends en tlu 
distance of P from tlu> center. (\ssume the plain t s den- 
sity is uniiorm throughout.) q r ^ 
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speak of an electric field exerting a fore- on a -hinged 
particle placed in the field. Whit has to be true about this 
situation in view the fart that Newton's third law holds in 
this case, too? ff cacfo „ -fc fyld , Me* to Source* 

14.7 The three spheres A, B and C are fix*d in the positions 
shown. Determine the direction of the not electrical force on 
sphere C which 5s positively charged if 

a) spheres A and B carry equal positive charges. Outfit 

b) spheres A and 15 h.. V e 'har^es oi equal magnitude but 
the charge on B ib negative, and A is positive. J) <PW>1 

14.8 Tlieie is an electric field strength a. the earth's surf ice of 
about 100 N/eoul, directed downward. 

0 What is the total charge of the earth? (As Newton showed 
for gravitational forces, the held of a uniform sphere 
can be < ilculated by as^umiag all of the charge is un- 
contiated at the center.) couiombs 

b) Actually, 'ecause the eirth is , conductor, most of the 
chir, e is on the sin face. What, rouyhly, Is the av t ra^e 
imouii' of charge p tr square metei of surf ice > Does this 
seem 'u^ or snail, compiled to familiar static charges 
like those on combs, etc.? \Q ~9 CO uio^b$/n\ * ; f ^ 

14.9 In oscilloscope tubes, a bean of electron, i b deflected ir 

two pair, oi oppo^itel, chafed plates. L.ch pair oi plates, a, 

lie photoe.rapi- on tie next pa,*e, i , shaj ed so- ictl.i 
Ll1 ' lu '«ir*w. 'kuUti in lou^hlv una ,oi thi«.k :l't 



can lie '.ecu in 

ll^e tl e Aetcl 
elee' ric ' i eld 



»e t WUl 



plate, wo i lc 
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14.10 Is air friction on the nildrop .1 help >r a hindrance in t;he 

experiment described for measurenent of the ch irgt of the elec- 
tron? Explain y mr answer briefly. A V\e\p 

14 11 The magnitude of the electron ch lrge is 1.6 < 10" 1 * coulomb .£ ^ ^5 K JO 

How miny electrons ire required to mike 1 coulomb of charge 9 

14.12 Cilculuc t u c rMi'i ol tl - plcctmsL itic foic^ M the, 

gi avi tational fum 1 twn a two ol oe t 1 mi:. i<li<..imi of t() } ^ ic?^ 2 " 
meter apart. (The mass of the electron is approximate lv 10" ^ 
kg; recall that G = 6.7 > 10" : 1 N'm /kg'.) 

14.13 3ecause electrical forces are similar in suite respects to 
gravitational forces, it is reasonable to inagine a ctvrgei pir- 
ticle, such ao the electron, moving in an orbit around another 
charged particle. Then, just a; the earth is a "gravitational 
satellite" of the sun, the electron would oe an "electric satel- 
lite" of so<ne pos i ti vely charged particle with a mass so large 
compared to the electron that it can be assumed to be stationary. 
Suppose the particle has a charge equal ir. magnitude to the charge 
of the electron, and that the electron movos around it in a circu- 
lar orbit. 

a) The centripetal force acting on the moving electron is J~ rnV Z _ J- |<^ 2 / 
provided by the electrical force between the electron * n * 1 ( 
and positively charged particle. Write an equation t 
representing this statement, and rrom this equation 

derive another equation that shows how the kinetic energy 

of the election is related to its distance from the posi- ^ f 

tively charged particle. I £ x IO 0 

b) Calculate what the kinetic energy of the electron would be *The value given here, ^ perhaps 
if the radius of its orbit were 10"^ meters.* you suspect, is appropriate to 

c) What would be the speed ol the electron if it had the | 5 * to * m^9<CP n electron circling an atomic 
kinetic energy you calculated in part (b)? (The mass nucleus (as will be discussed 
of the eletcron is approximately 10~ 3 '" ki%) in detail in Unit i>). 

14.14 A hard-rubber or plastic comb s.roked through the hair can 
often be shown to be charged. Why does a metal comb not readily 
show a net charge produced by combing or rubb i ng? Charge (&ok$ off 

ortfo your h -xnd- . 

14.15 What is th? potential difference between two points if 
6 < 10" u joules of work were done against electric forces in 
moving 2 * 10" s coulombs of charge from one point to the other? 3 v 

14.16 If there is no potential difference between any points in a 
region, what must be true of the electric field in that region? +& r <> 

14.17 Electric field 1 ntcnjji' Ly.-1 an be measured in either of two 
equivalent units: newtons-per-^oulomb and vol ts-p?r-meter Using 
the definitions of volt and joule, show that N/'c ul is actually 
the same as V/m. Can >ou explain the equivalence in wor^s? 

1418 If the distance between the surfaces of two conducting spheres 

is about 1 cm, an el jcti ic potential difference of about 30,000 volts 
between them is required to pioduce a spark. 



a) What is the minimum elti » il field strength (in the * 'p ^ ' 
betwetn the sur r ices) necessary to c luso sparking 7 ^ * 10 VO\\(tm 



b) The Aip between the two electrodes in an d*lomobilt 

Spiikplu». u about 1 nun (3^ th' <u'..inuths of an inch). If 
Lhe volti>'e k roduCtd itioss them by the lpnitLon loiI 1 
i v ut 10,000 volts, what is tht ilictric .ield strtn^'th 

1.. tin , ip to 7 Vofym 




T 



Ar electric battery "pumps" charges onto its terminals until 
the electric potential difference between the terminals reache* i 
certain value; usually the value is very close to the voltage 
marked on the battery. What would happen if we connected two o> 
more batteries in series? 

For example, the battery on the right bolciwmaint.ui!, t.rmn.l 
C at a potential level 6 volts higher than terminal D. The b 1 1 1 , • x 
on the left maintains terminal A at a potential n volts higher thin 
terminal B . If we connect B to C with a good conductor, h o th it R 
and C are at the same potential level, what is the poUnt.il differ- 
ence between A and D? 



<9 



£ (/ ! IU votts 
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What would the potential difference be between the txtr<t 
left and right terminals in the following set-ups'> 

(O 

N + Ydts > 

JC3 .Jtr^C — IX — JX ;tv-= £1 . J| 




1 + 

! Cv. 



1 + 
! 6v 



14. 21 



a) What kinetic energy will an electron gain Kn an i\acuatt, 
tube if it is accelcrateo through a potential ditfitmit 
of 100 volts. State your answer in electron volts aivi 
also in joul-s. {QO & ^ ^ o+W^ZT 

b) What speed will it acquire due to the acce lei at ion? 
(The mass of the electron is 10" < r kg . h ^ , 0 4 m ^ 

\ 

Suppose various metallic resistors are connected to a 
battery and to a current meter. The following table gives two of 
three quantities related by Ohm's law for three separate cases 
Complete the table. 



If a potential diffeience of 
1 volt results m a current of 
1 ampere, the resistance is de- 
fined to be 1 ohm. 



Vol t age 



Current 



Res is tan^e 



a) 2 volts 

b) 10 volts 

c > \€ Voffs 



f 0 ^ 

I amps 

3 amps 



0.5 ohms 
5 ohms 




14.22 The electric field at the earth's surface can increase to 

about 10* 4 volts/meter under thunder clouds. 

a) About how large a potential difference between grounc and 
Cloud does that imply? l0 y voits for a cU>ud\C S r*«p 
A set of lightning strokes can transfer as much an bO 
coulombs of charge. Roughly how much energy would be 
released in such a discharge? f & * J , (ustnf lO 7 v^^ 



b)" 



14.23 



three "guns" are mounted side 

by side to pioduce three charge 

beams in a color tv tube. 

Charges emitted from hot wires 

just inside the left end of 

the guns are accelerated <"rotn 

op" cylindrical electrode to 14.24 

the next and emerge from the 

guns toward the scxeen with 

almost exactly the same energy. 14.25 



"Physics International's B 2 Pulsed Rac'iation Facility i- m u 
producing rhe world's most intense electron be.mi ('40,000 imps/^ M<V) 
as a routine operation. With this beam Pi can precisely dtpus.it 
upwards of 5,000 joules of energy in 30 nanoseconds/' (Plnsic* 
Today , Dec. 1966) 0 — 

The "4 MeV" means that the charges in the beam have an i m I , , 
that would result from being accelerated across a potenti »1 dif|*i- 
ence of 4 million volts. A "nanosecond" is a billionth of i sk-.iV'. 
Are these published vaxues consistent with regaid to the pcwn ( f 
the beam 7 



of 10-^ 



Htft exatftttj consistent , but noi. unrvason^c . 

If the beam in a TV tube constitutes a current on tin u:dti 
roughly what is the pow< r of rhe picture? Sweetie 



amps 



Calculate the power dissipated fot eact of the thru part 
of question 14.21. frV *o w , j^S V 
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14.26 A student who wished to show the magnetic effect of a cur- 

rent on a pocket compass, slowly slid the compass along the table 
top toward a wire lying on the table and carrying a constant cur- 
rent. He was surprised and puzzled by the lack of any noticeable 
turning effect! How would you explain to him what is wrong with 
his experiment, or with his expectation of the outcome? 



£s -f kid parodied ear&ts 




14.27 The sketch shows two long, parallel wires, lying in a ver- 

tical north-south plane (the view here is toward the west). A 
horizontal compass is located 10 cm below the upper wire. With 
no current in the wires, the needle points N. With 1 amp in the 
upper wire, the needle points NW. 



What is the direction of this one ampere current? N<?r1t\ 



40 cm 



T 



!0 cm 



14.28 What current (magnitude and direction) in the lower wire w -tfc 

would restore the compass needle to its original position? (Use ^^pS HOT 
the results of Experiments 35 and 36.) 



14.29 



rtw 



14.30 



The magnetic force on a charged particle moving perpendicu- q,V& c Vnv 
larly to a uniform magnetic field is directed toward a single ' & ~ 

point the center of the circular path the particle will follow. 

a) Knowing that the magnetic force (given by qvB) provides ^ ~ 
the centripetal force (given by mv 2 /R), show that the 
radius of the circle is directly proportional to the 
momentum of the particle. roGo 

b) What information would you need to determine the uadio 
of the particle's charge to its mass? $pe^ci (y*) f 6 } QndL R 

By referring to the information given in the last problem v #irrr* 
find au equation for the period of the circular path. » - ' 



1* 



14.31 In the margin is a sketch of a positively charged particle 
moving in a very non-uniform magnetic field. 

a) Show mathematically that .he radius of the spiral path 

will be smaller where th». field strength is greater. ° - 

b) Use che ri£ht hand rule *"o show that the direction of 
the magnetic force is su^h cs to partially oppose the 
movement of the particle into the region of stronger 
field. 

14.32 If the energy of charged particles approaching the earth is 
very great, ..hey will not be trapped in the Van Allen belts, but 
just deflected, continuing on past or into the earth. The direction 
of the earth's m-.gnetic field is toward its north end. If you set 

up a detector for positively charged particles, would you expect to Ytfest 
detect more particles by directing it slightly toward the east cr 
slightly toward the west? 




Sch«Mttc drawing 



Diagram of the magnetic field of ^ne earth distorted 
by a f, wind M of electric charges streaming out from 
the sun. (N ew York Times , September 11, 1966) 
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Pter 15 Faraday and the Electrical Age 



Section 
15.1 

15 2 
15.3 



15.4 
15.5 



15.7 



15.9 



Clue to the solution: electromagnetism 



Th inductio V n ry ° f ele ^romag„etic 
15 6 The electric motor 
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15.2 



/\: fhysics collate. 



15.1 The problem: getting energy from one place to another . In 

Chapter 10 we discussed the development of the steam engine, SumrruxriA 

in the eighteenth and nineteenth centuries, which enabled ^ ertyne provided a opoi 

j ^ u 4 r source of tmm\A but Kxe enemy 

Europe and America to make use of the vast stores of enerqy , . J J . t JiJ, , 

* J could not easuu be> made available 

contained in coal, wood and oil. By burning fuel one can w he*? ft was needed Bec>Y\c\X\A 

convert chemical energy into heat energy. Then, by using might Solve the problem if a b&fer 

this heat energy to make steam and letting the steam expand WOi^ of C^&nervX^r\(^ curreWfc could 
against a piston or a turbine vane, one can get mechanical found. 
energy. In this way one can use the steam engine to move 
large weights or turn cranks to run machinery. 

But steam engines suffered from a ma^or defect: the 
mechanical energy was available only at the place where the 
steam engine was located, and practical steam engines nad to 
be big, hot and dirty. In order to use machines run by steam 
engines , people had to crowd together in factories. It was 
possible to us2 steam engines for transportation by making 
locomotives, which were astonishing and powerful but also 
limited by their size and weight, not to speak of soot. 

A better power system would have one central power plant 
from which energy could be sent out, for use at a distance, 
by machines of any desired size and power at the most useful 
locations. 

After Volta's invention of the battery (Chapter 14), many 
scientists guessed that electricity might provide a means of 
transporting energy and running machines. But batteries 
quickly lost their power and provided only a very feeble 
current. A better way of generating electrical currents 
was needed. When this was found, it changed the whole shape 
of life at home and in factories, and it changed also the 
very appearance of cities and landscapes. 

In this chapter we will see how discoveries in basic 
physics gave rise to new technologies — technologies which 
have revolutionized modern civilization. 

15.2 Clue to the solution: electromagnatism . The first clue came 
from Oersted's discovery that a magnetic needle is deflected 
by a current. Suppose we make the very reasonable assumption 
that Newton's third law applies to electrical and magnetic 
forces. Then if a current can exert a force on a magnet, we 
expect that a magnet should also exert a force on a current. 
Going beyond what Newton's third law says *-o a more general 
idea of symmetry, we might even speculate that a magnet can 
somehow produce a current. 

Scientists and inventors in both Europe and America quickly 
realized that there were important — and perhaps profitable — 



QummoriA 15.9. 
O&cgteds discovery ia<& ol 
maqw&tiC' needle J is deflected 
b(j a cumerft sugqed&d 1pic£ 
a rruzoyiet irii&ktT&e used to 
qp¥\&rcfie> oumetft j and so 
sttrrtulafed ynucfa research, on 
One interactions of e/ectriodij 
and magnetism . 
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Summaru 153 

I 3h rkaij Faraday repeated 
Oersteds e*pertmer£ and act 
ihe idea lhatipie current^ 
carrying wire is surrounded 
btj ''circular lines cf force " 
which act on 1fie> ynaan^ttc 
needle 

S Faradai) inverted One fin£ 
electric motor, m which a 
rviaynet yrioved \n a circle 
ctrdund 2. current ( or 
conversely ) . 

3 Ampere } cor^raru ib farada\j } 
believed ifoat forces mugt <rtt 
diredly between parities o\ 
matter ( as in Uewtdrvs tPieoru 
of $ ra *]ty) He could not -^ 15 - 3 
accef* 1he idea of & "circular 
force 11 in space. 

4. Ampere assumed ifaat magnets 
are composed of rmcroocopic 
current (oops- Ohus maanetio 
forces Could b* reduced Xo forces 
between currents } and "circular 
forces f could apparerttta be 
avoided . 



15 3 

discoveries waiting to be made in electromagnetism. Within 
a few months after the news of Oersted's discovery reacned 
Paris, the French physicists Biot, Savart and Anoere hao be 
gun a program of quantitative research on the interactions 
of electricity and magnetism.. (Some of their results were 
mentioned in Sec. 14.8.) In Germany, Seebeck found that a 
current could magnetize a steel needle. In England, Davy 
and Wollascon tried unsuccessfully to make a wire revolve 
around its own axis by bringing a magnet close to it. Other 
experiments and speculations on electromagnetism, too numer- 
ous to mention, were soon reported in th scientific journals. 
Yet the one crucial discovery — the generation of a continuous 
electric current — still eluded these eminent and brilliant 
men . 

Faraday's early work on electr_c ity and lines of force . A 
valuable function of scientific journals is to provide for 
their readers comprehensive suivey articles on recent advances 
in science, as well as the usual terse announcements of the 
technical details of discoveries. The need for a review 
article is especially great after a large burst of activity 
such as that which followed Oersted's discovery of electro- 
magnetism in 1820. 



5*. 'Faraday's intuitive idea of lines 
of force } ifcoaah at fir^t unaccept- 
able to maihemaiicaj phystsisfs 
accustomed ib tiewfoman -type 
forces ? utti'mateiiA became, jfoe 
basis for Maxwell'? electromaofx^Cit 
theory. 



In 1821 the editor of the British journal Annals of Phi - 
losophy asked Michael Faraday to undertake a historical sur- 
vey of the experiments and theories of electromagnetism 
which had appeared in the previous year. Faraday, who was 
at that time an assistant to the well-known chemist Humphry 
Davy, did not yet have a reputation in science but was eager 
to learn all he could. Faraday agreed to accept the assign- 
ment, but soon found that he could not limit himself to merely 
reporting what others had done. He had to repeat the exper- 
iments in his own laboratory, and, not being satisfied with 
the theoretical explanations proposed by other physicists, 
A • Ihe lodzsfone } lfce magnet started to work out his own theories and plans for further 

experiments. Before long Faraday, who had originally been 
apprenticed to a bookbinder and had no formal training in 
icience or mathematics, had launched a series of researches 
in electricity that was to make him one of the most famous 
rhysicists of his time. 



V5( : Electric, fields 



P e © 



Faraday's first discovery in electromagnetism was made on 
September 3, 1821. Repeating Oersted's experiment by holding 
a compass needle at various places around a current-carrying 
wire, Faraday realized that the force exerted by the current 
on the magnet is circular in natura. As he expressed it a 
few years later, the wire is surrounded by circular lines of 
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force , so that a magnetic pole which is free to move will be 
pushed in a circle around a fixed wire {see the discussion 
of lines of force in Chapter 14). Faraday immediately con- 
structed an "electromagnetic rotator" based on this idea.. 
It worked* Faraday had invented the fu^t electric motor! 




Faraday also designed 
an arrangement in which 
the ftiagnet was fixed and 
the current-carrying wire 
rotated around it. (If 
a current can exert a 
force on a magnet, a mag- 
net should be able to 
exert an equal and oppo- 
site force on a current, 
according to Newton's 
third law.) As in many 
other cases, Faraday was 
guided by the idea that 
for every effect of 
electricity on magnetism, 

there must be a converse effect of magnetism on electricity. 
But it was not always so obvious what form the converse 
effect would take. 

After Faraday's paper describing electromagnetic rotation 
was published, Ampare criticized it on theoretical grounds. 
To understand the reasons for this criticism (and for the 
failure of many contemporary physicists to accept Faraday's 
theories) we must recall that the Newtonian viewpoint was still 
dominant -n European science at this time. Not only did al- 
most all scientists accept Newton's laws of motion as the 
basis for mechanics, they also believed that all forces in 
nature must sor.ehow be similar to the Newtonian gravitational 
force. That is, forces must act directly between particles 
of matter in a direction along the line between the centers 
of the particles. They need not be attractive forces in all 
cases, and they need not even be inversely proportional to 
the square of the distance between the particles. Newton 
himself had proposed other kinds of forces; for example, re- 
pulsive forces inversely proportional to the distance between 

neighboring particles in a gas (see Chapter 11). However, no ^ ht*m*r t #Wf ruftxmaXn 
one had ever supposed that forces could act in any direction He\tffon£ laws Would preclude. 0. 
other than the direction along the line between the particles. Yton - Central -force } tt yjtst ynakes 
Yet here was Faraday proposing a "circular" force; that is, Conservation of ynonierfturrt hatfcfer 
a force exerted by a current on a magnet which acted in a f'9 Ur * *f Sad * fa 0 ** «< st - 

direction at right angles to the line between them. 



Two versions of Faraday's electro- 
magnetic ictator. In each, the 
cup was filled with irercury so 
that a large electric current can 
be passed between the base and 
overhead support. At the left, 
the north end of a bar magnet 
revolves along the circular 
e lec tr ic lines of force surround- 
ing the current. At the right, 
the rod carrying the current re- 
volves around the bar ragnet — 
moving always peroend .cula^' to 
the magnetic lines of forc"# 
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P apere proposed that a magiet 
consisted of a large number of 
microscopic current loops. 
These currents cancelled each 
other everywhere but at the 
surface, so that the net effect 
was the same as a coil of wire. 



Faraday, despite his ignorance of Newtonian mathematical 
physics, seemed to have the experimental facts on his side. 
Anyone could see that the magnet did actually rotate around 
the current (or the current around the magnet), why not 
simply assume that a circu* ar force causes this motion? 

Ampere could not accept the idea of a circular force. 
Instead, he argued that all the interactions of electricity 
and magnetism can be reduced theoretically to interactions 
between individual parts, or "elements," of current-carrying 
wires. Just as in Newton's theory of gravitational force, 
the forces between current elements must act in the direction 
along the lin« between the elements. 

How could such a theory explain the forces exerted by mag- 
nets, or on magnets? Ampere had noticed that a current would 
orient iron filings into a pattern in much the same way as 
would a magnet. in particular, a long wire wrapped into a 
tight coil, or "helix," had all the properties of a bar mag- 
net, the coil's "poles" being at its ends. Ampere therefore 
made the bold assumption that the attractive and repulsive 
forces between magnets are the result of electric currents cir- 
culating within the magnets themselves, m this way he could 
treat a magnet as if it were made up of current elements. What 
seemed to be a circular force was really, according to Ampere, 
the total effect produced by a large number of direct forces 
between current elements. 



Field of a wire coil 



Field of a bar magnec 





The pr&serit view of rrioovnettc- 
Ytv&Yt'ods is something like, /Vwpercs 

tirZt™J£tt£ r*™ preferred his expianati - ° f — - - ter . 

OV» c? Ctcmtc dimensions ? (Jtfc aCtl ° nS because xt could be expressed mathematically with the 
election Orbits and Spin. As a e< 5 u&tions ^miliar in Newtonian physics 

resull , iheu dorit die out as 

atvj Current loops Would h ave a " amazing intuitive feeling for physical phenomena. 

(except in SupercondiU^s). In most instances where mathematics has conflicted with Intu- 

& ^ ition r hist ° ry ° f ph - ics ' m — s - 

atoms wifa each other and W ° n ( success of Galileo and Newton in developing 

Wftfo. external maanetc -fields. the laws of ™°^ on is a good example.) But in this case, Fara- 
✓ day's nonmathematical approach gained at least a temporary 



Faraday, on the 
other hand, did not understand much mathematics, but he did 



78 



15 4 



victory for intuition. Faraday's idea of electric and magnetic 
"lines of force" led him to make important discoveries in 
electromagnetism — discoveries that the mathematical physicists 
were prevented fron making by their Newtonian prejudices. 
Not until 1855 f when another brilliant mathematical physicist, 
James Cie^k Maxwell, took the trouble to figure out what 
Faraday meant by a line of force, was it possible to see how 
Faraday f s ideas might be incorporated into the framework of 
Newtonian physics. (We will discuss this work of Maxwell on 
the "electromagnetic field" in Chapter 16.) 



01 Why is the magnetic pole of Faraday 1 s "electromagnetic rotator' 1 
pushed in a circle around a fixed wire? 

What did Ampere assjme caused the forces between magnets? 



15.4 The discovery of electromagnetic induction . Armed with his 
"lines of force" picture for understanding electric and mag- 
netic fields, Faraday joined in the search for a way of pro- 
ducing currents by magnetism. Scattered through his diary 
in the years after 1824 are many descriptions of such experi- 
ments. Each report ended with a note: "exhibited no action" 
or "no effect." 



Summary 15.^ 

/ In 133/ , ^enru m America and 
fvrbdaiA in EnaXand '-ndependenttu 
discovered electromagnetic 'gridudion 
(opnerotion of currents uUncx 
magnets , or induction of one 
current by another). 

Q. 'FaradaiA found Unat a current 
in one wi**e could induce a currait 
m a. rteafbiA wire onluj when Hie 
firSf current 'is changing . A sfeacty 
curnent cannot indUce a current! 
;ri Qvutfher wire. 

3. TraradaiA reasoned 1foat the 
induction -of one current bu\ another 
was due to the action of me moor 
netio -field around trie -f\r£t current, 
hence, %& iron around which 
the wire was Wound in his onynal 
experiment was not necessara, 
bu\ simply intensified an effiept 
Mat would occur anuwouj. tie 
confirmed irtis reasonina \ bu 
showing ifoat current &ula also 
be induced when no iron Tina 
was used . 



Finally, in 1831 f came the breakthrough. Like many dis- 
coveries which have been preceded by a period of preliminary 
research and discussion among scientists, this one was made 
almost simultaneously by two scientists working independently 
in different countries. Faraday was not quite the first to 
produce electricity from magnetism; that was actually done 
first by an American scientist, Joseph Henry. Henry was 
teaching mathematics and philosophy at an academy in Albany, 
New York, at the time. (Shortly thereafter he was appointed 

Professor of Natural Philosophy at Princeton.) Unfortunately -ffaa ffeserice of the -first current 
for the reputation of American science, teachers at the Albany WOS UnneceSlOYU \ (X current could 
Academy were expected to spend all their time on teaching and be induced ry&reiu bg yrxovtna a 
administrative duties, with no time left for research. Henry 
had hardly any opportunity to follow up his discovery, which 
he made during a one-month summer vacation. He was not able 
to publish his work until a year later, and in the meantime 
Faraday had made a similar discovery and published his results 



4*. Taradaa also reasoned "that 



mouotoxdu relcCiive* to a wire . He 
confirmed ih'is loij experiment. 



Faraday is known as the discoverer of "electromagnetic 
induction" (production of a current by magnetism) not simply 
because he established official priority by first publication, 
but primarily because he conducted exhaustive investigations 
into all aspects of the subject. His earlier experiments and 
his thinking about lines of force had suggested the possibil- 
ity that a current in one wire ought to be able to induce a 



5. "Faraday fihallu showed foot a 
3teadij current coul<k be generated 
bu corturiuoiliA rnovma a conductor 
across a strvnc} maqndtic -field. 
But he did n<K himself follow up 
tifte practical application* of h/r 
discovery. 
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Faraday's laboratory at the Royal Institution. 



Michael Faraday ( 1791-1867) 
was the son of an English 
blacksmith. In his own words, 

My education was of the 
most ordinary description 
consisting of little more 
than the rudiments of read- 
ing, writing and arithmetic 
at a common day school. My 
hours out of school were 
passed at home and in the 
street s 

At the age of twelve he went 
to work as an errand boy at a 
bookseller's store* Later he 
became a bookbinder's assist- 
ant. When Faraday was about 
nineteen he was given a ticket 
to attend a series of lectures 
given by Sir Humphrey Davy at 
the Royal Institution m London. 
The Royal Institution was an 
important center of research 
and education in science, and 
Davy was Superintendent 
of the Institution Faraday 
became strongly interested in 
science and undertook the 
study of chemistry by him- 
self. In 1813, he applied to 
Davy for a job at the Royal 
Institution and Davy hired 
him as a research assistant., 
Faraday soon showed his genius 
as an experimenter. He made 
important contributions to 
chemistry , magnet ism, e lec- 
tricity an' 1 light, and even- 
tually succ <ded Cavy as 
superintendent of the Royal 
Institution. Because (f his 
many discoveries, Faraday is 
generally regarded as one of 
the greatest of all experi- 
mental scientists. Farac'ay 
was also a fine lecturer and 
had an extraordinary gift for 
explaining the results of 
scientific research to non- 
scientists. His lectures to 
audiences of young people are 
still delightful to read. 
Two of them, "On the Various 
Forces of Nature" and "The 
Chemical History of a Candle," 
have been republished in 
paperback editions. Faraday 
was a modest, gentle and 
deeply religious man. Although 
he received many international 
scientific honors he had no 
wish to be knighted,, preferring 
to remain without the title of 
"Sir." 
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current in a nearby wire. The induction might take place di- 
rectly between small sections of current, as a consequence of 
the force studied by Ampere (Sec. 14.8). Or it might be that 
the magnetic lines of force in the space around the first cur- 
rent could produce a current in the other wire. 

How does electromagnetic induction take place? Oersted 
and Amp6 e Vad shown that a steady electric current produced 
d stea dy magnetic effect around the circuit carrying the cur- 
rent. One might think that a steady electric current could 
somehow be generated ii a wire were placed near or around a 
magnet, although a very strong magnet might be needed. Or a 
steady current might be produced in one circuit if a very 
large current flows in another circuit nearby. Faraday 
tried all these possibilities, with no success. 

Finally, m 1831, Faraday found the solution. He discov- 
ered that a current appeared in one wire only when the cur- 
rent in the other wire started or stopped '. When a current 
started to flow in one wire, a current was indeed induced in 
the second wire, bu- it lasted only for a moment. As long 
as there was a steady current in the first wire, there was 
no current in the second wire; but when the current in the 
first wire was stopped, again there was a momentary current 
induced in the second wire. 

To summarize Faraday 1 s result: a current can induce an- 
other current only by changing . A steady current in one wire 
cannot induce a current in another wire. 

Faraday was not satisfied with merely observing and report- 
ing this result. Guided by his concept of "lines of force," 
he tried to find out what were the essential factors involved 
in electromagnetic induction, as distinguished from the acci- 
dental circumstances of his first experiment. 

According to Faraday's theory, the changing current in the 
primary coil (A) would change the lines of magnetic force in 
the iron ring, and the change in magnetic lines of force ir. 
the part of the ring near the secondary coil (B) would induce 
a current in the secondary coil. But if this was really the 
correct explanation of induction, Faraday asked himself, 
shouldn't it be possible to produce the same effect in another 
way? In particular: 

(1) is the iron ring really necessary to produce the in- 
duction effect, or does it merely intensify an effect that 
would occur anyway whenever magnetic lines of force are pres- 
ent in space? 

(2) is the primary coil really necessary, or could current 



The page in Faraday's diary where 
..e recorded the first successful 
experiment in electromagnetic in- 
duction, August 29, 1831. (About 
1/3 actual size) 
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be induced merely by changing magnetic lines of force in some 
other way, such as by moving a magnet relative to the wire? 

Faraday answered these questions almost immediately by 
further experiments. First, he showed that the iron ring 
was not necessary; starting a current in one coil of wire 
would induce a momentary current in a nearby coil. Second, 
he found that when a bar magnet was inserted into the end of 
a coil of wire, a current was induced at the instant of inser- 
tion. In Faraday's words, 

A cylindrical bar magnet... had one end just inserted 
into the end of the helix cylinder; then it was quickly 
thrust in the whole length and the galvanometer needle 
moved; then pulled out and again the needle moved, but 
in the opposite direction. The effect was repeated 
every time the magnet was put in or out.... 

Having done these and many other experiments, Faraday 
stated his general principle of electromagnetic induction: 
changing lines of magnetic force can cause a current in a 
wire. The "change" in lines oi force can be produced either 
by (a) a magnet moving relative to a wire or (b) a changing 
current. (Faraday found it convenient to speak of wires 
"cutting across" lines of force.) He later used the word 
field to refer to the arrangement and intensity of lines of 
force in space. We can say, then, that a current is induced 
in a circuit by variations in the magnetic field aro"M the 
circuit. Such a variation may be caused either by relative 
motion of wire and field or just by the change in intensity 
of the field. 

So far Faraday had been able to produce only momentary 
surges of current by induction. Is it possible to produce a 
steady current by electromagnetic induction? To do this one 
has to create a situation in which magnetic lines of force 
are always changing relative to the conductor. (The relative 
change can be produced either by moving the magnet or by mov- 
irq the conductor.) This is just what Faraday did: he turned 
a copper disc between the poles of a magnet. A steady current 
was produced in a circuit connected to the disc through brass 
brushes. This device, called the "Faraday disc dynamo," was 
the first electric current generator. Although this particu- 
lar arrangement did not turn out to be very practical, at 
least it showed that continuous generation of electricity was 
possible. 

The production of a continuous current was important not 
only for the understanding of the connection between elec- 
tricity and magnetism; it also brought with it the possibil- 
ity of producing electricity on a large scale. The production 

A : Tarodau disc dynamo 



of electricity involves changing energy from one form to an- 
other. In the voltaic cell (Chapter 14) chemical energy— -the 
energy of formation of chemical compounds — is converted into 
electrical energy. But it is not practical to produce large 
amounts of electrical energy by this means, although voltaic 
cells are useful for many portable applications; automobiles 
and flashlights for example. Since there is a vast supply 
of mechanical energy available to produce electrical energy 
on a large scale, some means of converting mechanical energy 
into electrical energy is needed. This mechanical energy may 
be in the form of the potential energy of water at high ele- 
vation; or it may be in the form of continuous mechanical 
motion produced, for example, by a steam engine. The dis- 
covery of electromagnetic induction showed that it was fea- 
sible to produce electricity by mechanical means. In this 
sense Faraday can rightly be regarded as the father of the 
modern electrical age. 

Although Faraday realized the practical importance of his 
discoveries, his primary interest was always in pure science. 
He left the development of the generator and the motor to 
others. On the other hand, the inventors and engineers who 
were interested in the practical and profitable applications 
of electricity did not know much about physics, and most of 
the progress during the next fifty years was made by trial 
and error. In following the development of modern electrical 
technology, we will see several problems that could have been 
solved much earlier if a physicist with Faraday's knowledge 
had been working on them. 

Q3 What did Henry and Faraday discover independently but at al- 
most the same t*me? 

04 What in ganeral is meant by f, e lectromagnetic induction?" 

Q5 What did Faraday fird necessary for . current to induce 
another? 

OC What was the first electric current, generator? 

.5 Generating electricity from magnetism; the dynamo . Faraday 
had shown that when a conducting wire moves through a magnetic 
field, a current is produced. Whether it is the wire or the 
magnetic field that moves doesn't matter; what counts is the 
relative motion. Once the principle of electromagnetic in- 
duction had been discovered, the path was open to try all 
kinds of combinations of wires and moving magnets, magnets and 
moving wires, and so forth. We shall pass over the details of 
most of these technical developments and simply describe one 
basic type of generator (or "dynamo") which was frequently 
used in the nineteenth century. A 



A- Generator ^ump-rvpe, 




One generator of 1832 had a 
permanent horseshoe magnet 
rotated by hand beneath two 
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This form of qor.orator is 
basically a coil of wire ro- 
tated in a magnetic field. 
The rotating ceil is connect- 
ed to an external circuit by- 
sliding contacts. In the dia- 
gram on the left a rectangular 
loop of wire, with long sides 
a and b, is rotated around an 
axis XV between the north and 
south poles of a magnet. Two 
conducting rings d and e arc 

- y connected to the ioop, and 

also rotate around the axis; 
conducting brushes f and a are provided 
to complete a circuit through a meter at 
h chat indicates the current produced. 
The complete circuit \s abdfhqca . (Note 
that the wire goes from a through ring d 
without touching it and connects to e.)~ 
Initially the loop is at rest, and no 
charge flows through it. Now suppose we 
start to rotate the loop. The wire will 
have a component of ifs motion perpendic- 
ular to the direction of the magnetic 
lines of force; that is, the wire "cuts" 
through lines of force. This means that 
an electric current will be induced in the 
loop. This induction is ]ust the experi- 
mental fact discovered by Faraday and Henry. 

Because the charges in the part of the 
loop labeled b are being moved across the 
magnetic field, they experience a magnetic 
force given by qvB (see Sec. 14.13).. The 
charges in the wire will be push' , "off to 
the side" by the magnetic fieJd that is 
moving past them- "off to the side" this 
time is along the wi re. 

What about a? That side of the loop is 
al<-o moving through the field and "cutting" 
lines of force, but in the opposite direc- 
tion, so the charges in a are pushed in 
the opposite direction along the wire to 
those in b. This is just what is needed; 
the two effects reinforce each other in 
generating a current around the loop. 



The generator we have }ust 
described produces what is 
called alternating current , 
because the current periodi- 
cally reverses its direction. 
At the time this kind of gen- 
erator was first developed, 
in the 1830's, alternating 
current could not be used to 
run machines. Instead, di - 
rect current was desired. 

In 1832, Ampere announced 
that his instrument-maker, 
Hippolyte Pixii, had solved 
the problem of generating direct current. 
Pixii invented a device called the com - 
mu tator (the word means to interchange, 
or to go back and forth) . The commuta- 
tor is a split cylinder inserted in the 
circuit so that the brushes f_ and in- 
stead of always being connected to the 
same part cf the loop, reverse connec- 
tions each time the loop passes through 
the vertical position. Just as the di- 
rection of current induced in the loop 
reverses, the contacts reverse: as a 
result, the current ir. the outside cir- 
cuit is always in the same direction.. 

Although the current from Pixii 1 s 
generator is always in the same direc- 
tion, it is not constant but fluctuates 
rapidly between zero and its maximum 
value.: This fluctuating current pro- 
duces fluctuating magnetic fields which 
prevent the smooth operation of the gen- 
erator and waste energy. The generator 
can be greatly improved by adding many 
loops and commutators in such a way that 
their induced currents have maximum and 
zero values at different times; the 
total current is then more uniform. 



What is the position of the rotating 
loop for maximum current? minimum? 

What is the purpose of the commutator? 
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Tt isn't hard to -f<gare out how Pits 
Works. (Q onA F are } cf course , 
electric ceils .) 



156 The electric motor. An electric motor is basicallv just a 
generator run "backwards." Fo r example, if the meter h in 
the circuit sketched at the top of page 84 were replaced by 
a battery, current would be driven around the circuit. The 
current in the coil would interact with the magnetic field 
of the magnet, and the coil would be forced to rotate. 

Motors cculd have been made before generators, and in fact 
they were. In 1821, Michael Faraday exhibited his electro- 
magnetic rotator (described in Sec. 15.3) at the Royal insti- 
tution in London. Other electric motors were designed b, 
various scientists in Europe and America. One of them was 
Joseph Henry's "rocking electromagnet." Henry wrote as 
follows about his motor: 




Henry's electromagnetic motor 
(1831) 

T3S ■ Magnetic -fields and 
moving changes. 



A ■ Simple motor- qener- 
otbr demonsTrc&ibn. 



I have lately succeeded in producing 
motion in a little machine by a power, 
which, I believe, has never before been 
applied in mechanics — by magnetic 
attraction and repulsion. 

Not much importance, however, is 
attached to the invention, since the 
article in its present state can c.ily 
be considered a philosophical toy; 
although in the progress of discovery 
and invention, it is not impossible that 
the same principle, or some modification 
of it on a more extended scale, may 
hereafter be applied to some useful 
purpose . 



The reason for Henry's failure to be very enthusiastic 
about the importance of his invention is that as long as 
electric current was only available from batteries, electric 
motors could not compete with steam engines. The economics 
of the situation was summarized in a leading British scien- 
tific journal as follows: 

[Notwithstanding] the numerous attempts which have be-n 
made to apply electro-magnetism as a power for movino" 

Zl ^lTV-- aT ti ^ large amount of mo ^y which has Sen 
expended in the construction of machines, the public are 

is c«ab?e S n? S10n °J ^ electr °-^gnetic machine which 
is capable of exerting any power economically... Esti- 
™?? S m *de. by Messrs. Scoresby and Joule, and the 
results obtained by Oersted, ...very nearly aqree- and 
it was stated that one gr. of coal consumed in the fur- 
nace of a Cornish [steam] engine lifted 143 lbs. 1 foot 
high, whereas one gr. of zinc consumed in a battery 
lifted only 80 lbs. The cost of [one hundred weight] 
ZliZEt l 5 Under . 9 P ence ' cost of [one hundred 

weight] of zinc is above 216 pence. Therefore under 



SurnmariA \S.b 

Alfaouah electric molars h<\d been — 

constructed leu faradau in and nace °f a 

b« HertrU and otLr scientists igh ' " hei 
and inventor^ \tPieu wem ^ 

CCmmetuaUy SUCcisfuH urttil ttne. -«**««.J °i zinc is anove 216 pence. Therefore under 

VtnOS. 1h~, Kiminq point Was foe. ^ e ^°tt P erfect conditions, magnetic power must be nearly 

OCcdento.1 C,<c*verl,in l<673 -fat Son of en^L^^T 6 than Steam P° we ^--- the atten- * 
~ u m ml *>l>™- ti 00 °f engineers and experimentalists should be turned 

^n?5?nn nt i' t0 contrivin 9 of perfect machines for 

t ^" electro-magnetic power but to the discovery of 
frJ^Vl a . meanS ° f di sengaging the power itself 
from the conditions in which it existed stored up in 
nature. ( Philosophical Magazine , 1850) 
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The dynamo, invented by Faraday and Henry in 1832, was no 
more economical at first than the battery. It was only an- 
other "philosophical toy." Electric generators that could 
produce power cheaply enough to be commercially successful 
were not developed until nearly 50 years later. The inter- 
vening period was one of numerous inventions that aroused 
great temporary enthusiasm and ambitious plans, followed by 
disillusion resulting from unanticipated practical difficul- 
ties. But the hope of a fortune to be made by providing 
cheap power to the world spurred on each new generation of 
inventors, and knowledge about the physics and technology 
of electromagnetic systems gradually accumulated. 

It is convenient though rarely accurate to ascribe the 
beginnings of an era to one man, in one place, performing 
one act, at one time. In realicy, with many men thinking 
about and experimenting in a particular scientific field, 
the situation becomes favorable for a breakthrough, and only 
a seemingly trivial chance event may be needed to get things 
going. 

The chance event that marks the beginning of the electric 
power age was an accidental discovery at the Vienna Exhibi- 
tion of 1873* As the story goes, it was an unknown workman 
at the Exhibition who just happened to hook up the two dy- 
namos that had been designed by a Belgian inventor, Zenobe 
Gramme. One dynamo ran as an electric motor on electricity 
generated by the other. 

This accidental discovery, that a generator could be run 
"backwards" to serve as a motor, was immediately utilized at 
che Exhibition in a spectacular public demonstration: the 
electric motor was made to drive a pump that supplied water 
for a small waterfall * Thus electromagnetic induction was 
first used to convert mechanical energy into electrical energy 
by means of a generator, which could be transmitted over a 
considerable distance and converted back into mechanical energy 
by a motor. This is the basic operation of a modern electrical 
transmission system: a turbine driven by steam or falling water 
drives a generator which converts the mechanical energy to 
electrical energy; conducting wires transmit the electricity 
over long distances to motors, toasters, electric lights, etc., 
which convert the electrical energy to mechanical energy, heat 
and light. 



A Simple meXers and motors 
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Ihe. current, Cor ike rottnq 
eletfrornaynets con be irtduLd 
in Cats near Wt& t>ps of the shaft. 
whicl\ nne surrounded by e>:tem*[ 
mayneXs. %us inere need be 
no electrical connections -fe "ffce 
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Insides of a commercial gener- 
ator. As in almost all large 
generators, the coils of wire 
are around the outside and 
electromagnets are rotated 
ins ide. 
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The development of electrical generators shows the inter- 
action of science and technology m a different light than 
did the development of steam engines. As was pointed out in 
Chapter 10, the early steam engines were developed by prac- 
tical inventors who had no knowledge of what we now consider 
to be the correct theory of heat (thermodynamics). in fact, 
it was the development of the steam engine itself, and attempts 
by Sadi Carnot and others to improve its efficiency by theo- 
retical analysis, that was one of the manor historical factors 
leading to the establishment of thermodynamics, m that case, 
the technology came before the science. But in the case of 
electromagnetism, a large amount of scientific knowledge was 
built up by Ampere, Faraday, Kelvin and Maxwell before there 
was any serious attempt at practical application. The scien- 
tists who understood electricity better than anyone else were 
not especially interested in commercial applications, and the 
inventors who hoped to make huge profits from electricity 
knew very little of the theory. Although after Faraday an- 
nounced his discovery of electromagnetic induction people 
started making generators to produce electricity immediately, 
it was not until 40 years later that inventors and engineers 
started to become familiar with the concepts of lines of 
force and field vectors. With the introduction of the tele- 
graph, telephone, radio and alternating-current power systems, 
the amount of mathematical knowledge needed to work with elec- 
tricity became quite large, and universities and technical 
schools started to give courses in electrical engineering. 
In this way there developed a group of specialists who were 
familiar with the physics of electricity and also knew how to 
apply it. 

The growth of the electrical industry has been largely due 
to the public demand for electrical products. One of the 
first of these to be commercially successful in the United 
States was the electric light bulb.. 



How would you make an electric 
motor out of a generator? 

What prevented the electric 
motor from being an immediate econo- 
mic success? 

What chance event led to the 
beginning of the electric powei age? 



Water-driven electric generators 
producing power at the Tennessee 
Valley Authority. The plant can 
generate electric energy at a 
rate of over 100,000,000 watts. 
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15.7 The electric light bulb . At the beginning of the nineteenth 
century, illumination for buildings and homes was provided 
by candles and oil lamps . c treet lighting in cities was 
practically nonexistent, in spite of sporadic attempts in 
London and New York to require householders to hang lights 
outside their houses at night. The natural gas industry was 
just starting to change this situation, and the first street 
lighting system for London was provided in 1813 when gas 
lights were installed on Westminster Bridge., The introduc- 
tion of gas lighting in factories was not entirely beneficial 
in its social effects, since it enabled employers to lengthen 
an already long and difficult working day. 

In 1801, the British chemist Humphry Davy noted that a 
brilliant spark appeared when lie broke contact between two 
carbon rods which weie connected to the two terminals of a 
battery.. This discovery led to the development cf the "arc 
light. " 

The arc light was not practical for general use until 
steam-driven electric generators had replaced expensive 
batteries as a source of electric current. In the 1860's 
and 1870* s, arc lights began to be used for street lighting 
and lighthouses. However, the arc light was too glaring and 
too expensive for use in the home. The carbon rods burned 
up in a few hours because of the high temperatures produced 
by the arc, and the need for frequent service and replace- 
ment made this system inconvenient. 

As Humphry Davy and other scientists showed, light can be 
produced simply by producing a current in a small wire (often 
called a "filament") to heat it to a high temperature. This 
is known as incandescent lighting. The major technical draw- 
back was that the material of the filament gradually burned 
up. The obvious solution was to enclose the filament in a 
glass container from which all the air had been removed. 
But this was easier said than done. The vacuum pumps avail- 
able in the early nineteenth century could not produce a 
sufficiently good vacuum for this purpose. It was not until 
1865, when Hermann Sprengel in Germany invented an exception- 
ally good vacuum pump, that the electric light bulb in its 
modern form could be developed. (The use of Sprengel 's pump 
in scientific experiments by Crookes and others was also 
vital to the discoveries in atomic physics which we will dis- 
cuss in Chapter 18.) 

Thomas A. Edison (1847-1931) was not the first to invent 
an incandescent light using the Sprengel pump, nor did he 
discover any essentially new scientific principles. What he 



Summon* /5. 7 

/ Ttne arc liyht ^ based on Vavus 
e*pertm0nTs in \Qoi , was used for 
Stnset lighting after the middle 
o^Uxe nineteenlki cerituriA ? but 
Was not practical for home, 
illutntnoiion . 

3. After the invention of a 
Sufficiently c^ood vacuum joump, it 
Wa? possible lb use incandescent 
lighting — heatna a wire to a hiafa 
temperature rx an ewcudwd 
bulb. 

3 Thomas EdiSon reasoned 
#u*t, in a practical h'qhtinq 
System, ffie Ughfe must be 
Connected m parallel rattier 
than in series Ihis meant 
that cr&iA a Small amount 
of irxe fcOxl current would 
Cjo Iforovjajn each filament, 

Davy's arc lamp 




Demonstrations of the new 
electric light during a 
visit of Queen Victoria and 
Prince Albert to Dublin^ 
Ireland. From Illustrated 
London News , August 11,^ 1849. 




In the late 1800's, dynamo 
powered arc-lamps were used 
in some European cities. 
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3. {continued) and in order to produce enough light from Ihis Small cwnant tfce filament would 
have to have vera hiqh residence, Eventually he succeeded in rnahna filaments from carbonized 89 
-thread and simifor materials . Tfce first UijjfflHy systems vwre mStoUea in IQtt and expanded rapidly. 
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See the article ""he Invention 
cf the Electric Light" in 
Project Physics Reader 4 . 




One type of Edison lamp. 
Note the familiar filament 
and screw-type base. 
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did was develop a practical light bulb which could be used 
m homes, and (even more important) a distribution system 
for electricity. His system not only made the light bulb 
practical but also opened the way for mass consumption of 
electrical energy in the United States. 

Edison started from the basic assumption that each cus- 
$ tomer must be able to turn on and off his own light bulbs 
without affecting the other lights on the line. This meant 
that the lights must be connected "in parallel" — like the 
rungs of a ladder — rather than "in series./' 

The choice of parallel rather than series circuits — a 
choice based on the way Edison thought the consumer would 
want to use the system — had important technical consequences. 
In a series circuit the same current would go through each 
light. in a parallel circuit only part of the total current 
goes through each light. To keep the total current from 
being too large, the current in each bulb would have to be 
rather small. 

As we pointed out in Chapter 14, the heating effect of a 
current depends on both the resistance of the wire and the 
amount of current it carries. The rate at which heat energy 
is produced is proportional to I 2 R; that is, it goes up di- 
rectly as the resistance, but increases as the square of the 
current. Therefore most inventors used high-current low- 
resistance bulbs, and assumed that parallel circuits would 
not be practical. But Edison realized that a small current 
will have a large heating effect if the resistance is high 
enough. 
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Edison was born at Milan, Ohio, 
and spent most of his boyhood 
at Port Huron, Michigan* His 
first love was chemistry, and 
to earn money tor his chemical 
experiments, he set up his own 
business enterprises. He ran 
two stores in Port Huron, one 
for periodicals and the other 
for vegetables; hired a newsboy 
to sell papers on the Grand 
Trunk Railway running between 
Port Huron and Detroit; pub- 
lished a weekly newspaper; and 
ran a chemical laboratory in 
the baggage car of the train. 
His financial empire was thus 
growing rapidly when^ in 1862 
(he was now fifteen), a stick 
of phosphorus in his laborator\ 
caught fire and destroyed par f . 
of the baggage car. As a re- 
sult, his labor at or y and news- 
paper equipment were ev ict ed 
Irom the train,^ and lu h'jd to 
Iook iround for anothoi. base 
of operations . 
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It was not long before his bad 
luck with the phosphorus fire 
was offset by a piece of good 
luck: he was able to save the 
life of the son of the station 
agent by pulling him out of the 
path of an oncoming train. In 
gratitude, the station agent 
taught Edison the art of tele- 
graphy, and thus began Edison's 
career in electricity. 

At left are shown two portraits 
of Edison. On the opposite page 
is a copy of the drawing that 
accompanied his patent on the 
incandescent lamp . 
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J Ik fiwt Inwntor's Triumph in 
Eleclric Illumination. 

A SCRAP OF PAPER. 



I! Aiakcs u Light, Without Gas or 
Flume, Uieaner Than Oil. 



IN THE FURNACE. 



Complete Details of the Perfected 
Carbon Lamp. 

FIFTEEN MONTHS OF TOIL. 



i c! H's Iireiirs Experiments with Lap, 
fibers Generators 



SlUTSS IX A CUTTOX THREAD, 



The W.zard's G>pl3y. w/th Bodily Pain 
and Gold "Taii'^gs" 



liSSTORY OF Uicmc LIGHTING. 



Tiie appro.* b ^: ih* ttr»t puolh: exhibition of 
b. v< u » 'otij Icukrd fur eltv^trju. 'vht, announced lo 
t.ke en .V*r Kvo »t M< «/i l urk, on 

* ln.c anui that i/ a< o will l>c il uminatid , >th 
tl < itw K,bt, h.u rfvjwi! pibli- inbru«t in Ui«< 
gt<-u*. <bV(>uti>r'i »ork, and tnruupi out tLc r.tilmd 
w«»r»il buenxibU iiul peojuo j.u«u«'rai^ ue auttouily 
a» -».liun tbo r^jit I com tiio b^uuiuj.' of ft i <-j- 
tirx,ki> lt tri :u rUctrlc li^htinj; to the pro**, u! iitno 
Mr i Jivm hi* k, jd his iabtrttory t u.*rdcu}y 
C i, and iio authoritative amount (ii»e»«t that 
I* * i^LiJ ja the li i bald mmv momus ago r< jatir^ 
lo li'b i.rst patent) of tny of the important Af i>» of 
I*ro»;rcH« hae been mado public - a count* of pro- 

luri tho inventor found abrolaiolj noco»«*ry for 
bi* own protection. 1 bo Hskai i> ii now. howcTOr. 
tabled to i> r ^fQt to lt« reader* a full and accuralo 
a«iountof hit work from l!a lncepuoo to iu com- 
1 tattoo. 

A UOUTCD 1'AfrK. 

I iUon'a electric ll^ht, Juerwiiblo ai it rn»y »j»pcw. 
I« produced from a littla pie^o of I ai>er— a t!oy atrip 
of i>aoer that a breath would blowawiy Through 

First newspaper account of 
Edison's invention (New York 
Herald, December 21, 1879) 



So Edison started to search for a suitable high-resistance 
substance for his filaments. To make such a filament, he 
first had to bake or "carbonize" a thin piece of a substance; 
then he would seal it inside an evacuated glass bulb with 
wires leading out. His assistants tried more than 1,600 
kinds of material: "paper and cloth, thread, fishline, fiber, 
celluloid, boxwood, coconut-shells, spruce, hickory, hay, 
maple shavings, rosewood, punk, cork, flax, bamboo, and the 
hair out of a redheaded Scotchman's beard." His first high- 
resistance lamp was made with carbonized cotton thread, en- 
closed in a high-vacuum sealed bulb. it burned continuously 
for two days before it fell apart. This was in October 1879. 
The following year, Edison produced lamps with filaments made 
of Bristol board and bamboo. 

The Edison Electric Light Company began to install lighting 
systems in 1882. After only three years of operation, the 
Edison company had sold 200,000 lamps. it had a virtual 
monopoly of the field, and began to pay handsome dividends 
tc its stockholders. 

The electric light bulb has undergone some modification 
since Edison's original invention. For example, the carbon- 
ized filaments of the older lamps have been replaced in newer 
bulbs by tungsten, which has the advantages of greater effi- 
ciency and longer life. 

The widespread use of light bulbs (confirming the sound- 
ness of Edison's theory about what people woulc* buy) led to 
the rapid development of systems of power generation and dis- 
tribution. The need for more power for lighting led to the 
invention of better generators, the replacement of direct 
current transmission by alternating current (see below) , the 
harnessing of waterfalls, and the invention of the steam tur- 
bine. Then, success in providing larger quantities of energy 
at lower cost made other uses of electricity practical. Once 
homes were wired for electric lights, the current could be 
used to run sewing machines, vacuum cleaners, washing machines, 
toasters, *nd (later on) refrigerators, freezers, radios and 
television sots. 

We have now become so accustomed to the more sophisticated 
and spectacular applications of electricity that it is hard 
to realize L he impact of something as simple as the electric 
light bulb. But most people who lived through the period of 
electrification— for example, in the 1930's and 1940's in 
many rural areas of the United States— agreed that the one 
single electrical appliance that made the greatest difference 
in their own lives was the electric light bulb. 
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Q< Why weren't arc lights used for illuminating homes? 

f ) What device was essential to the development of the incandes- 
cent lamp?. 

(' - Why did Edison require a substance with a high resistance for 
his light bulb filaments? 

15.8 Ac versus dc and the Niagara Falls power plant * in Sec. 15.5 
we stated that the usual form of electrical generator pro- 
duces alternating current, which is changed into direct cur- 
rent by the use of a commutator. The reason for converting 
ac into dc was the general belief, held throughout most of 
the nineteenth century, that only dc was useful in the appli- 
cations of electricity. However, as the demand for electri- 
cal power increased, some of the inherent disadvantages of dc 
became evident. One disadvantage was the fact that having a 
commutator complicated the design of the generator, especially 
if the ring had to be rotated at high speed. This difficulty 
was even more serious after the introduction of steam turbines 
in the 1890 f s, since turbines work most efficiently when run 
at high speeds. Another disadvantage was the fact that there 
was no convenient way to change the voltage of direct current. 



The use of high voltages to minimize power loss . One 
reason for wanting to change the voltage which drives the 
current in a transmission system involves the amount of 
power lost in heating the transmission wires. When there 
is a current I in a transmission wire of resistance R, the 
amount of power expended as heat is proportional to the 
resistance and to the square of the current: 

power loss = I 2 R. 

This means that for transmission lines of a given resistance 
R f one wants to make the current I as small as possible in 
order to minimize the power loss in transmission. On the 
other hand, the amount of power that can be transmitted de- 
pends on the voltage as well as on the amount of current: 

power = IV. 

In order to balance the effect of making I small (in order 
to cut down power loss by heating of the wire) V must be 
made large. in other words, economic factors require that 
electricity should be transmitted at high voltages. 

On the other hand, for most of the applications of elec- 
tricity, especially in homes, it is neither convenient nor 
safe to use high voltages. Also, most generators cannot 
produce electricity at very high voltages (which would re- 



Summarij i5. $ 

I Late, m the nineteenth o&ftura, 
Venous disadvantages <?f dir&zt 
current 3iAstems hecam? evident. 
Xn parttcuyar rnmimrze power 
less m transmission tt was 
necessary to use small currents 
and hi<m volfa&es. jQr u/ets 
diff tcuK to produce direct 
Current at hiqh voltaojes 
because the commutator sea- 
merit- suffered sparkinoj and 
mechanical strain at faith 
rotation speeds. 

3 *Ba ustna a transformer 
(operottna on 1fte sarne principle, 
as in Yaradaijs oriynai experi- 
ments on electromagnetic 
induction ) it was possible to 
step up trie vottaae of alternat- 
ing current -for tonq distance 
transmission , tPicn step it down 
aqoiin far use at *#te otpier end. 
gut itne transformer count 
Work w/tfa direct curnent. 

3. Qauiard and C\ibbs \n Vor\s j 
and later VJesttnoihouse in line 
United States , developed 
prrxciXoal electrical oenero$\no\ 
arxd distribution su&erris has&d 
on a.c. MovteveTjtne £dtson 
CtrnpowA opposed the irttfvdtfc- 
tfoh o^ac. systems. 
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Ay The ac vs dc disrate came 
w a hood an>unot \n comacr 
tidn With 1Pte vyvposed new 

electrical Stjsrotn at tiiWyxY* % ui *c excessively high speeds of the moving parts). There- 

Falk. Je (lecktan U**S finally fore we need some way of "stepping up" the electricity to a 

T^l U S high VCUage f ° r tr««i..ion f and some way of "stepping it 
**** *J*™ again for use at the other end. In L„ Jl l 



(kdopt&k etc. 



down" again for use at the other end. In short, we need a 
transformer. 




A transformer can easily be made by a simple modification 
of Faraday's induction coil (Sec. 15.4). Faraday was able 
to induce a current in a coil of wire (wHch we call the 
secondary coil) by winding this coil around one side of an 
iron ring, and then changing a current in another coil (the 
primary coil) which is wound arcund the other side of the 
ring. A current is induced in the secondary coil when the 
prim, y current changes. If the primary current is changing 
all the time, then a current will continually be induced in 
the secondary. An alternating current in the primary coil 
tfutput ypovier COnt exceed {as from a 9 en erator without a commutator) will induce an 
the /nj9Ut pC\Aier 7 Soothe Output alternating current in the secondary coil. 

voftaqe ts increased bu a arec&r 

Coil rafiC ylfte OutpvTcurrBTlt nGed jUSt ° ne additi onal fact to make a useful electric 

Will be proportionally decreased. transformer: if the secondaiy coil has fewer turns than the 
(Weif- designed 1m l^ormefS primary, the alternating voltage produced across the secondary 

have efficierKterpsktyKlS'l}. coil will be lower than the voltage across the primary; if the 

secondary has more turns than the primary, the voltage pro- 
duced across the secondary will be greater than across toe 
primary. This fact was discovered by Ooseph Henry, who built 
the first transformer in 1338. 

Electricity could be generated on a large scale most eco- 
nomically with a high-speed steam turbine, but this is dif- 
ficult to do if we have to use a commutator to convert ac in 
the coils inside the generator into dc in the outside cir- 
cuit. (The commutator is likely to fall apart under the 
huge strains set up by high-speed rotation.) Furthermore, it 
is desirable to use very h. d h voltages (and low currents) on 
long-distance transmission lines to minimize power loss by 
heating;; but the only practical device for changing voltage 
is the transformer, which works only for ac , not for dc. 
Commutators could be eliminated and voltages changed easily 
if ac were used for large-scale generation and distribution 
of electric power. 

The first ac system w^s demonstrated by Gaulard and Gibbs 
of Paris in 1883. An experimental line which powered arc and 
incandescent lighting, through transformers, was installed in 
a railway line in London in 1884, and another one shortly 
afterward in Italy. An American engineer, George Westmghouse , 
saw the Gaulard-Gibbs system exhibited in Italy and purchased 
the American patent rights for it. Westanghouse had already 
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gaxned a repur.ation by his invention of the railway air brake, 
and had set up a small electrical engineering company in 
Pittsburgh in 1884. After making some improvements in the 
transformers, the Westmghouse Electric Company set up its 
first commercial installation to distribute alternating cur- 
rent for incandescent lighting in Buffalo, New York, in 1886. 

At the time of the introduction of the Westmghouse ac 
system in the United States, the Edison Electric Light Com- 
pany held almost a complete monopoly of the incandescent 
lighting business. The Edison Company had invested large 
amounts of money in providing dc generating plants and dis- 
tribution systems for most of the large cities. Naturally 
Edison was alarmed by a new company which claimed to produce 
the same kind of illumination with a much cheaper system. 
There was a bitter pablic controversy, in which Edison at- 
tempted to show that ac is unsafe because of the high volt- 
ages used for transmission. In the middle of the dispute, 
the New York State Legislature passed a law establishing 
electrocution as a mear s of capital punishment, and this 
seems to have aroused some of the popular fear of high volt- 
age. 

Nevertheless, the Westinghouse system continued to grow, 
and since there uere no spectacular accidents, the public 
accepted ac as being reasonably safe. The invention of the 
"rotary converter" made it possible to convert ac into dc 
for use in local systems already set up with dc equipment, 
or to power individual dc motors. Consequently the Edison 
company (later merged into General Electric) did not have to 
go out of business when ac was generally adopted.. 

The final victory of the ac system was assured in 1893, 
when the decision was made to use ac for the new hydroelec- 
tric plant at Niagara Falls. In 1887, businessmen in Buffalo 
had pledged $100,000 to be offered as a prize "to the inven- 
tors of the World" who would design a system for utilizing 
the power of the Niagara River "at or near Buffalo, so that 
such power may be made practically available for various pur- 
poses throughout the city." The contest attracted worldwide 
attention, not only because of the large prize but also be- 
cause large quantities of electrical power had never before 
been transmitted over such a distance — it was 20 miles from 
Niagara Falls to Buffalo. The success or failure of this 
venture would influence the future development of electrical 
distribution systems for other large cities. 

It was a close decision whether to use ac or dc for the 
Niagara Falls system. The demand for electricity in 1890 



Commercial Distribution of Electric Power 



The commercial distribution of ac electric power 
requires elaborate transmission facilities. Gen 
erator output voltages of about 10 *♦ volts are 
stepped up to about 10*> volts for transmission, 
stepped down to about 10 1 * volts for local distri 
but ion, and further stepped down to about 10 ' 
volts by neighborhood power-pole transformers. 
Within the home, it may be stepped down further 
(often to 6 volts for doorbells and electric 
trains) and stepped up by transformers in radio 
and IV sets for operating high-voltage tubes. 




Major electric transmission net- 
works in the United States. In 
many cases several lines are 
represented by a single line on 
the map. Not shown are the 
small-capacity lines serving 
widely scattered populations in 
the mountainous and desert areas. 
In the densely-populated areas 
only the high-voltage lines arc 
shown. Lines drawn in gray are 
to be completed by 1970. 




mm. 



The interdependence of our modern 
electrical civilization was dra- 
matically demonstrated at about 
5 p.m. on November 9, 1965, when 
.1 faulty electrical relay in 
Canada caustd a power failure 
and total blackout throughout 
most of the northeastern part 
of the United States. 
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was mainly for l ightlng , tfhleh ^ ^ ^ ^ 

Pea demand xn the evening; the system would Lave to ooerato 

t ess than fun capacxty durinq the day r 
Some engxneers propoBed that , evon though ^ ^ J 

tod and transmitted more effxexently, a dc system would bo 
cheaper to operate if there were m Uch Nation in the demand 
or electrxcxty, This was because batteries cou ld be used 

to back up che generators in nenoHc ~e u * 
P , ln P e nods of peak demand. Thomas 

Edxson was consulted, and w ith out hesitatxon he recommended 
dc. But the Cataract Construction Company, whxch had been 
-rmed to admxnxster the project, dela yed makxng a decxsxon. 

The issue was still xn doubt xn 1891 when, at the mtor- 
natxonal Electrical Exhxbitxon in FranKfort, Germany, an ac 
line carrying sizable quartxties of power fro m Frankfort to 
Lauffen ( „ d.stance of 11 0 mxles) was demonstrated. Tests 

of the line showed an effiriPnru ~c *. 

<-mciency of transmission of 77% 

That is, for every 100 watts fed xn at one end of the Ixne, 
only 23 were wasted by heating effects xn the Ixne, and the 
other 77 were delivered ,s useful power. The success of this 
demonstration rexnforced ,he gradual change in expert opxnxon 
xn favor of ac over dc, and the Cataract Company fxnally de- 
cided to construct an ac system. 

After the ac system had been establxshed, xt turned out 
that the critics had been wrong in thexr prediction about 
the varxatxon of demand for e le ctrxcity throughout the day. 
L eotrxcxty was to have many uses besxdes lighting . In the 
1890 s, electrxc motors were already bexng used for street 
raxlway cars, sewing machxnes and elevators. Because of these 
dxverse uses, the demand for electricity was spread out more 
evenly durxng each 24-hour period, m the particular case 
of the Niagara Fails power plant, the source of energy-the 
flow of water down the Wia gar a Rxver-made xt possxble to 
produce energy continuously without much extra cc<" (The 
boxler for a steam turbine would either have to be kept sup- 
Plxed with fuel during the night, or shut d own and staged 
«P agaxn in the morning.) since hydroelectr xc power was 
avaxlabla at night at low cost, new uses for it became pos- 
sxble. The Niagara Falls plant attracted electric furnace 
xndustries, continually produexng such things as alumxnum, 
abrasxves, silicon and graphite. Previously the electro- 
chemical processes involved in these industries had been too 
expensxve for large-scale use, but cheap power now made them 
practxcal. These new xndustries in turn provided the con-' ' 
stant demand for power which was to make the Niagara project 
even more profitable than had originally been expected. 
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The first transmission of power to Buffalo took place in 
November 1096. By 1899, there were eight 5 , 000-horsepower 
units in operation at Niagara, and the stockholders of the 
Cataract Construction Company had earned a profit of better 
than 50% on their investment. By this time the electro- 
chemical industries, which had not figured in the original 
plans at all, were using more power than lighting and motors 
together . 

As a postscript to the story of ac versus dc, 
it should be mentioned that dc is now coming back 
into favor for lcng-distancc transmission of elec- 
tric power at very high voltages. The reasons for 
this turnabout are explained in an article, "The 
future of direct current power transmission/' re- 
printed in the Unit 4 Reader. 

Why is it more economical to transmit electric 
power at hi£>h voltage and low current than at low 
voltage and high current..' 

Why won't transformers operate with steady dc? 



Wilson Dam (Tennessee Valley 
Authority), Alabama 
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SumrvxariA l6<1 

I. T^rorn dm optimistic Viewpoint, 
elecfricttj has ynaniA advantages: 
t Saves^us much physical \o£or 
vYxckes dezetirxAi-zoticri possible? 
Without qivinj up t\e odwn- 
faoes of city life , unites a larne 
country b* providing rapid 
trtmspOrtdtion and comrnurucatiorL 
and facilitates cuttumi 
activities. 

3. from a pessimistic viewpoint, 
electricity has not solved Kiertal 
problem? of SouetiA but onluj 
intensified, tftent : J it aazet&cfes 
the. depletion of natural 
y^Sourr^s ) widens trie qap 
between rich and poor^ and 
makes us overly Oepevidtent 
on technolooji/j 

3 Electricity itself ts neither aood 
rior bad hut simply increases the 
potential for applications of all kinds. 
Wise use of eiednctU W\\\ be enhanced 
btj some understanding cf 'ft. 

See the "Letter from Thomas 
Jefferson" in Proiect Physics 
Reader 4. 



See "The Electronic Revolution" 
in Project Physics Readpr L 



Electricity and societ y. Many times during the last hundred 
years, enthusiastic promoters have predicted that a marvelous 
future is in store for us. We need only stand back and watch 
the application of electricity to all phases of l lfe . ; Firs t 
of all, the backbreaking physical labor that has been the lot 
of 99% of the human race throughout the ages will be handed 
over to machinery run by electricity; the average citizen 
will have nothing mor e to do excejt pusn buttons for a few 
hours a day, and then go home to enjoy his leisure. Moreover 
the old saying that "a woman's work is never done" will be 
forgotten, since electric machines will do all the cleaning, 
laundering and ironing, preparation of food and washing of 
dishes . 

A second social purpose of electricity was conceived by 
President Franklin D. Roosevelt and others who believed that 
country life is more natural and healthy than city life. 
They saw that the steam engine had provided a source of power 
that could take over most work done by humans and animals, 
but only at the price of concentrating people in cities. But 
now that electrical transmission of power was possible, people 
could go back to the country without sacrificing the comforts 
of city life. One of the major achievements of Roosevelt's 
administration in the 1930's was the rural electrification 
program, which provided loans for rural cooperatives to in- 
stall their own electrical generating and distribution systems 
in areas where the private power companies had previously 
found it unprofitable to operate. Federal power projects such 
as the Tennessee Valley Authority a i so assisted the campaign 
to make electricity available to everyone. By making country 
life more luxurious and reducing the physical labor involved 
in farming, electrification should have reversed the migration 
of people from rural to urban areas. 

A third effect of electricity might be to unite a large 
country i_o a single social unit by providing rapid trans- 
portation and even more rapid communication between <-he dif- 
ferent parts. To mention a frequently cited analogy: the 
dinosaur became extinct because his communication system was 
not adequate for such a large organism. Human society evolves 
much as the biologica; organisms: all parts develop in step 
and increase their interdependence. it follows that tele- 
phone communications and modern civilization had to develop 
together. The telephone would be necessary only in a com- 
plicated society and, as is now recognized, a complicated 
society cannot operate without a communications system some- 
thing like the telephone. 
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Having taken care of these problems for a large part of 
the population— getting work done, acquiring a more health- 
ful environment, finding out what's going on and being able 
to do something about it — man now comes face to face with a 
new problem, or lather, a problem tr*at was encountered before 
by only a tiny fraction of the world's population. Thanks 
to advances in science and technology, we no longer have to 
spend almost all of our time working for the bare necessities 
of life. Now, what is it that we really want to do? What- 
ever it might be, electricity might help us do it better. 
With electric lighting, we can read books at night, or attend 
large meetings, plays and concerts in public buildings. None 
of these things were impossible before electrical illumina- 
tion was developed, but candles and gas lamps were messy, 
hard on the eyes, and (when used on a large scale) expensive 
and hazardous.. With the telegraph, telephone, radio and 
television we can quickly learn the news of events through- 
out the world, and benefit from exchanging facts and opinions 
with other people. 

A cynical opinion . Wonderful as all this seems, a skeptic 
might take a much dimmer view. He might argue, for example, 
that by exploiting the resources of fossil fuel (coal, oil 
and gas) on his planet to do his work for him, man has used 
up in only 200 years most of the reserves of chemical energy 
that have been accumulated over the last two hundred million 
years. Our skeptic might claim that man has created a social 
system in which the virtues of honest toil and pride of work- 
manship have begun to be endangered by a working life of 
monotonous triviality for much of the population and chronic 
unemployment for some of the rest. The rise in the standard 
of living and acquisition of new gadgets and luxuries by 
many of those living in the rich industrial countries have 
not brought tranquility of spirit, but often Only created a 
demand for more and more material possessions. Meanwhile 
the less fortunate citizens of the world, separated more 
and more from the rich countries that exploited them, look 
on in envy and anger. 

As for the labor-saving devices sold to the modern house- 
wife, have they really made things any easier for her? The 
housewives in upper- and middle-income families work just as 
much as before, for what appliances now do used to be dene 
by servants, perhaps better. The social changes that accom- 
panied industrialization and electrification have also gen- 
erated many new jobs for untrained women, and these jobs are 
more attractive than domestic service. Families with low 



See the article on "High Fidelity" 
in Project Physics Reader 4. 
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incomes, if they can afford to buy just one major electrical 
appliance usually don't choose labor saving gadgets but a 
television set — and much of what comes out of that, our 
skeptic says, contributes nothing to a better life.' 

The decentralization of population which electricity was 
suoposed to produce has come about but in an unexpected way. 
The upper- and middle -income inhabitants of cities have 
indeed oeen able to escape to the suburbs where they still 
enjoy all the convenience and pleasures of the electrical 
age. But they have left behind them urban ghettoes crowded 
with minority groups whose frustration at being deprived of 
the benefits of the "affluent society" is only aggravated by 
the scenes of suburban life presented to them on television. 
As for the farmer, modern technology has made his fields so 
productive that he sometimes works himself out of a job. 

Electrical communications and rapid transcontinental trans- 
portation have bound us into a close-knit interdependent 
social system. But this has its disadvantages too. Thus, an 
unforgiving electronic computer may dredge u r all a man's 
past mistakes when he applies for a job. 

The interdependence of our modern electrical civilization 
was dramatically demonstrated at about 5 p.m. on November 9, 
1965, when a faulty electrical relay in Canada caused a power 
failure and total blackout throughout most of the northeastern 
nart of the United States. The only towns in New England that 
had electric lights that night were the ones whose independent 
electrical systems had refused to tie into the interstate 
power grid. 

Electricity: good or bad? The point of such criticism is 
that it illustrates the other half of the total story; elec- 
tricity, like any other area of scientific discovery and 
technological improvement, is neither good nor bad by itself. 
Electricity increases enormously the possibilities open to us, 
but we still have to choose among them. The decisions about 
the large-scale applications of electricity cannot be left 
to the experts in physics or engineering, or to the public 
utility companies, or to government agencies. They must be 
thrashed out by citizens who have taken the trouble to learn 
something about the physical forces that play such an impor- 
tant role in modern civilization — whether in the field of 
electrification, or the coming large-scale use of nuclear 
power, or the introduction of automation and other uses of 
computers, or whatever lies over the horizon.. 



Electric power lines in New York State 





A useful rule:, 
if your fingers 
point along B, 
and yo^r t^humb 
along v, F will 
be in the dir- 
ection your palm 
would push. For 
pos. charges use 
the right hand, 
and for neg. use 
the left hand. 



Slower- "ffte motor, 
OfreoXer Ifte current. 
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-larvpower M . animals ; yrxovirx^ ^aXbr ; fuels ■ tf c 

What sources of energy were there for industry before the 
electrical age? How was the energy transported to where it was 
needed^ 

Walking; wheals; pipes > t etc. 

Oersted discovered that a magnetic needle was affected by 
a current. Would you expect the magnetic needle to exert a force 
on the current? Why? How would you detect this force? Make wtv^ par*t of 
NfWfcny law of action and reason sensitive bahnce^ 

In which of these cases does electromagnetic induction occur 9 

lh ail but(d) 

a) A current is started in a wire held near a loop of wire. 

b) A current is stopped in a wire held near a loop of wire." 

c) A magnet Is moved through a loop of wire. 

d) A loop of wire is held in a steady magnetic field. 

e) A loop of wire is moved across a magnetic field. 

How do the conditions for the induction of currents by 
magnetic fields differ from those for the production of magnetic 

fields by currents? Ssadu current produce maqnetfc fields • but pnlu 
chanqiruj magnetic fields produce. curreAsP 

Refer to the simple ac generator shown on p. 84. Suppose 
the loop is being rotated counter clockwise and we consider the 
segment b as it is pictured in the third drawing, moving down 
across the magnetic field. A Current of positive chanje out <f fte 

a) Use the hand rule to determine the direction 0 f the 
current induced in b. 

b) The induced current is an additional motion of charges 
across the magnetic field, thus an additional magnetic 
force acts on segment b. Use the hand rule to deter- 
mine the direction 0 f the additional force, but before 

-V doing so try to guess the direction of the force. n D 

c) Determine the direction of the additional force on P ' 
charges in the segment labeled a, which is moving 
upwards across the field. 

Down. 

Why should a generator coil be much harder to rotate when 
i- is connected to a load, such as a lamp, than when it is dis- 
connected from any load? Moppet* force on .notwc** current: 

Suppose two bar magnets, each held by one end at the same 
level but a few feet apart, are dropped so that one of them 
passes through a closed loop of wU?, Which magnet reaches 
the ground first? Why? Outside maqrx<zt KeocKd* o* rn* T * 

, of induced, currwit 

bketcn a current of charges in a wire perpendicular to a 
magnetic field and use the hand rule to find the direction of 
force on the current. Imagine the wire moves sideways in res- 
ponse to the force. This sideways motion is an additional motion 
across the field and so each charge in the wire experiences an 
additional force. In what direction is the additional force on 
the charges? 0po ^ fo twfBjf& 

Connect a small dc motor to a battery through a current meter. 
By squeezing on the motor shaft, vary the speed of the motor. On 
the basis 0 f your anower to question 15.8, can you explain the 
effect that motor speed has on the current? 

snoTion of -fa*, cotk thrvuqh -fhe -field induces a. oaok - vott<K$<. . 

A dozen Christmas tree lights are connected in series and 
plumed into a 120-volt wall outlet. 

a) If each lamp dissipated 10 watts of heat and light 
energy, what is the current in the circuit? | a^p 

b) What is the resistance of each lamp? to ohms 

c) What would happen to these lamps if they were connected 
in parallel across the 120-volt line? Why? g urrl gut 

15.11 Suppose we wanted to connect a dozen 10-watt lampjf'ln"^ XS 

P arallel across a 120-volt line. What resistance must each lamp 
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have in this case? To determine the resistance, proceed by 
answering the following questions: 

a) What current will there be in each lamp? 5 axvif 

b) What is the resistance of each lamp? IJ^o ohrns 

Compare the total current for this string of 10-watt lamps with 
the total current in the string of lamps in the previous question. 




15.12 A man who built his own boat wanted to equ 

lights and an interior light, but was puzzled ab 
should install a 6-volt system or a 12-volt syst 
decided to use the 12-volt system because he rea 
a given power (wattage) of light he would have 1 
in the connecting wires if he used the higher vo 
Let us see if his reasoning is correct. Suppose 
lamp is to be a 6-watt lamp. (A 6-watt lamp des 
6-volt systems has a resistance of 6 ohms, but i 
use in 12-volt systems a lamp has a resistance o 
connecting wire has a resistance of 1/5 ohm. 



ip it with running 
out whether he 
em. He finally 
soned that for 
ess heating losses 
ltage system. 

that his interior 
igned for use in 
f designed for 
f 24 ohms.) The 



a) 



b) 



c) 



If it were to operate at its full 6-watt rating, what / (Xvr^P y &mp 

current would the lamp require in each of the two 

systems? 

If the currents calculated in (a) were the actual currents, 

what power loss would there be in the connecting wires in ^ W^tt" , ao Watt 

each case?, Was his reasoning correct? Y8£. 

Because of the resistance of the connecting wires, the 

lamps described will not actually operate at full O.^l Ovr^p } 

capacity. Recalculate parts (a) and (b) to determine 

what would be the actual currents, power losses, and 0.5<? &™p>, 0*05 W»tt* } Wtftt 
power consumptions of the lamps. 



15.13 A transformer for an electric train is used to "step-down" 
the voltage from 120 volts to 6 volts. The output power from the 
secondary coil is not much less than the input power to the pri- 
mary coil. Suppose the current in the primary coil were £ amp, 
what would be the current in the secondary coil if the input power 
and output power were the same? ^ o^p 

15.14 For a transformer, the ratio of the secondary voltage to the 
primary voltage is the same as the ratio of the number of turns of 
wire on the secondary coil to the number of turns of wire on the 
primary coil. If a transformer were 100 per cent efficient, the 
output power would equal the input power; assume such is the case 
and derive an expression for the ratio of the secondary current 

to the primary current in terms of the turn ratio- ^1. _ tip 

X P " Hs 

15.15 On many transformers thicker wire is used for one of the 
coils than for the other. Which would you expect has the thicker 
wire, the low-voltage coil or the high-voltage coil? j_e?w ; beGavSe. 

of qrcd&&r curwrit 

15.16 Comment on the advisability of getting out of a car over 
which a high-voltage power line has fallen. _ . 

Never tetAch cay owek cyro**<nc{ at sanac um^ . 

15.17 What factors made Edison's recommendation for dc for the 
Niagara Falls system in error? Unexpected davfiyvie USe } etc . 

15.18 Write a report comparing the earliest electric automobiles 
with those being developed now. Activity 

15.19 What were some of the major effects of electricity on 
society? X>\ S cu<s t on 

15.20 It was stated on p. 85 that the output of a dc generator can 
be made smoother by using multiple windings. If each of two loops 
were connected to commutators as shown in the margin, what would 
the output current of the generator be 1. i»? 
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Chapter 16 Electromagnetic Radiation 
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T^anadoos behef ifaat all forces 

16.1 Intro duction , On April 11, 1846 , a distinguished physicist, of nature are connected led him 
Sir Charles Wheatstone, was scheduled to aive a lecture at ib Speculate Untft (iqht & a 

_ . • . . • TJ M-unir a u c Vibration of electric and rma- 

the Roval Institution in London. Michael Faraday, who fre- \ n r> * .t J 

vietic lines cf force.. Ma well 

quently gave the Friday evening lectures at the Royal ^ iwekpwl fa s ldoa 

Institution, was prepared to introduce Wheatstone to the rnafcj&rr\$ica(\\A ? creatine* t\ne 

expectant audience of fashionable ladies and gentlemen. But eicctroYVxa^ytetxe tPieOn/ of ((^ht 

at the last minute, just as Faraday and Wheatstone were about Charles Wheatstone (1802-1875) 

,, ^ , . * • j made notable contributions to 

to enter the lecture hall, Wheatstone got stage fright, turned ... . _ c -fcJ m 

' ^ ' ' the sciences of acoustics, 

around and ran out into the street.. Because Faraday felt light and vision, and electri- 

, , , A . ^. . i_ • , i- i. j city; he invented the telegraph 

obliqed to qive the lecture himself we now have on record , , fcJ 

y * and the concertina. 

some of Faraday* s speculations which, as he later admitted, 
he would never have made public had he not suddenly been 
forced to speak for an hour. 

Faraday, ordinarily so careful to confine his remarks to 
his experiments and observations, used this occasion to dis- 
close his speculations on the nature of light. They can best 
be understood if we recognize that Faraday, like Oersted 
before him, believed that all the forces of nature are some- 
how connected. Electricity and magnetism, for example, could 
not be separate things that just happen to exist in the same 
universe; they must really be different forms of the same 
basic force. This metaphysical conviction, coming out of the 
speculations of Schelling and other German nature philosophers 
at the beginning of the nineteenth century, had inspired 
Oersted to search in the laboratory for a connection between SG 16 1 
electricity and magnetism. Eventually he found it in his 
discovery that an electric current in a conductor turns a 
nearby magnet. Faraday too, had been guided by a belief in 
the unity of natural forces. 

Could light also be considered another form of this basic 
"force?" Or rather,; to ask the question using more modern 
terminology, is light a form of energy ? If so, scientists 
should be able to demonstrate experimentally its connection 
with other forms of energy such as electricity and magnetism. 
Faraday did succeed in doing ]ust this in 1845, when he showed 
that light traveling through heavy glass had its plane of 
polarization rotated by a magnetic field applied to the glass. 

Having convinced himself by this experiment that there is 
a definite connection between light and magnetism, Faraday 
could not resist going one step further in his impromptu 
lecture the following year. He suggested that perhaps light 

itself is a vibration of magnetic lines of force. If two y\; SctBrtCS Stomps 

charged or magnetized objects are connected by an electric 
or magnetic line of force, then if one of them moves, a dis- 
turbance would be transmitted alona the line of force. As 
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The lines representing mag- 
netic lines of force give 
the direction of the force 
on a magnetic north pole. 



f \ 



~fFte farce, en south. yxA* of" 
tfae, trtPi&r erxd would be opposite 
to £ . 

The lines representing elec- 
tric lines of force give the 
direction of the force on a 
positive charge. 



or** 



Faraday pointed out, if we assume that light waves are 
vibrations of lines of force, then we do not need to imagine 
that space is filled wit!, an elastic substance, the ether, 
in order to explain the propagation of light. The lines of 
force could replace the ether, if we could show that lines 
of force have the elastic properties needed for wave trans- 
mission . 

Faraday could not make this idea more precise because he 
lacked the mathematical skill needed to prove that waves 
could be propagated along lines of electric or magnetic 
force. Other physicists in Britain and Europe who might 
have been able to develop a mathematical theory of electro- 
maqnetic waves did not understand Faraday 1 s concept of lines 
of force, or at least did not consider them a good basis 
for a mathematical theory. It was not until ten years later 
that James Clerk Maxwell, a Scottish mathematical physicist 
who had just completed his B. A, degree at Cambridge Univer- 
sity, saw the value of the idea of lines of force and started 
using mathematics to express Faraday's concepts., 

2 Maxwell's formulation o f the principles of electromagnetism . 
The work of Oersted, Ampere, Henry and Faraday established 
two basic principles of electromagnetism: 

1. An electric current in a conductor produces magnetic 
lines of force that circle the conductor; 

2. When a conductor moves across magnetic lines of force, 
a current is induced in the conductor. 

James Clerx Maxwell, in the 1860's, developed a mathemati- 
cal theory of electromagnetism in which he generalized these 
principles so that they applied to electric and magnetic 
fields in conductors, in insulators, even in space free of 
matter . 

Maxwell proceeded by putting Faraday's theory of electri- 
city and magnetism into mathematical form. In 1855, less 
than two years after completing his undergraduate studies, 
Maxwell presented to the Cambridge Philosophical Society a 
lona paper entitled, "On Faraday's Lines of Force." Maxwell 
dt .ibed how these lines are constructed: 

...if we commence at any point and draw a line so that, 
as we go. along it. its direction at anv point shall 
always coincide with that cl the resultant force at 
that point, this curve will indicate the direction of 
that force for every point through which it passes, 
and might be called on that account a line of force . 
We might in the same way draw other lines of force,' 
till we had filled all space with curves indicating 
by their direction that of the force at any assigned 
point. * 
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Maxwell stated that his paper was designed "to show how, by 
a strict application of the ideas and methods of Faraday, 
the connection of the very different orders of phenomena 
which he has discovered may be clearly placed before the 
mathematical mind." In later papers during the next ten 
years Maxwell created his own models of electric and mag- 
netic induction, expressed these models in mathematical 
form, and went on to add an entirely new idea of far-reaching 
consequences: an electric field that is changing^ with time 
generates a magnetic field . Not only currents in conductors, 
but changing electric fields in insulators such as glass or 
air or the ether are accompanied by magnetic fields. 

It is one thing to accept this newly stated connection 
between electric and magnetic fields; it is another task, 
both harder and more fun, to understand the physical neces- 
sity for such a connection. The next paragraphs are in- 
tended to make it seem reasonable and to give some notion 
how Maxwell came to propose that a changing electric field 
is accompanied by a magnetic field. 

An insulator (glass, wood, paper, rubber) contains equal 
amounts of negative and positive charge (Sec. 14.3) . In 
the normal state these charges are distributed so that the 
net charge in every large region of the material is zero. 
When these charges are subjected to electrical forces by 
placing the insulator in an electric field, the positive 
charges are pushed in one direction, the negative in the 
opposite direction. None of the charges in an insulating 
material (in contrast to a conductor) is free to move 
through the matter; the charges can only be displaced a 
sma.11 distance before the restoring forces in the insula- 
tor balance the force due to the electric field. The small 
displacement of charges that accompanies a changing electric 
field in an insulator constitutes a current. This current 
Maxwell called the displacement current ♦ Maxwell assumed 
that this displacement current is just as effective in pro- 
ducing a magnetic field as a conduction current of the same 
magnitude. In an insulator the current of charges undergoing 
a displacement is directly proportional to the rate at which 
the electric field is changing in time. Thus the magnetic 
field that circles the displacement current can be considered 
a consequence of the time-varying electric field.. If it is 
assumed that this model developed for matter can be applied 
to space free of matter (an apparently absurd idea that works) 
it follows that, under all circumstances an electric field 
that is changing with time generates a magnetic field . 



Summary Ifc 9 

Moxwdi izxterxd&i eledromanrietic 
Ifceoru "fc include two principles fhat 
apply und&r all circumstances • (0 
a chayiojincy maj^neTic field pro- 
ducer an electric field } (&) a 
chan^tnoj electric fieid produces 
A YYiacyietic -pe/ctf . 



See Maxwell's discussion "On the 
Induction of Electric Currents" 
in Proiect Physics Reader 4 . 



When an electric field is 
established in an insulating 
material, the + and - charges, 
which are bound to one another, 
are displaced.. The displace- 
ment constitutes a current. 
(+ charges are represented by 
docs, and - charges by shaded 
circles.) 
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* 'tte Vs and -!s ideate direction of 1fief field. IBe rdattoris 
16 ^ xe ^ nrx arB produced by a current *f cfrarge^ fr^m A te 8 
' Clf-ue to ft e original j some, of foe rotation arrows are backwards) 

In developing his electromagnetic theory Maxwell 
devised a mechanical model that provided the connections 
among the electrical and magnetic quantities observed 
experimentally by 
Faraday and others. 
Maxwell expressed 
the operation of the 
model in a group of 
equations. He found 
that his model and 
the equations repre- 
senting the model 
suggested effects 
that had not yet 
been observed, such 
as the magnetic 

field of a displace- ^awtr* «irur>, .-i lM iui;u<.\i| 

Uk rtlur. Liu* rw -m-i u i i . - 1 - 1 
ment current. Once ^ s . piiN lllMi r ,, iirlll ... ,,.„ 

he found che sought- <»i < i\ tin lUi-i.ifi » J » i,. 

- M _. x ilur,**, ,jrt rrpii .rntir] l-« Iki 1 1 U.ir- 

for relations between Ln ., t> , , „ , „ ^ l( . Mt/ * 

the electric and magnetic fields, he was free to discard 
the mechanical model. 

The intricate models devised by Maxwell and other 
British physicists were considered inappropriate, or 
worse, by many French scientists. Pierre Duhem, for 
example, remarked a* her reading about these models, "We 
thought we were entering the tranquil and neatly ordered 
abode of reason, but we find ourselves in a factory." 

Maxwell later described the route he had followed 
from experiments, to a mechanical model, to a mathemati- 
cal theory. in his paper of 1864 that summarized h\s 
work on electromagnetism, he wrote: 

I have on a former occasion attempted to describe 
a particular kind of notion and a particular kind 
of strain, so arranged as to account for the phe- 
nomena. In the present pcsper I avoid any hypothe- 
sis of this kind; and in using such words as 
electric momentum and elasticity in reference to 
the known phenomena of the induction of currents 
and the [displacement of charge in insulators], I 
wish merely to direct the mind of the reader to 
mechanical phenomena which will assist him in un- 
derstanding the electrical ones. All such phrases 
in the present paper are to be considered illus- 
trative not as explanatory. 

According to Maxwell's theory, the basic principles 
of electromagnetism must be expanded to include the 
following : 

lm A changing electri c field produces a magnetic 

When the electric field I between a pair of charged 
plates^starts to increase in intensity, a magnetic 
field B £s induced. The faster Exchanges, the more 
intense B is. When E diminishes, a ? field is 
again induced, in the opposite direction. 
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f ield. The induced magnetic f^eld vector B is at right 
angles to the electric field vector E. The magnitude 
of S depends on position and on the rate at which E is 
changing. (See the diagrams on the opposite page.) 

2 . A changing magnetic field produces an electric 

fie Id . The induced electric field vector E is at right 

-♦• 

angles to the magnetic field vector B. The magnitude 

■* •+ 
of E depends on position and on the rate at which £ is 

changing. (See the diagrams on this page.) 

As an illustration of the first principle, consider 
a pair of conducting plates connected"*to a source of 
current. As charges are moved onto the plates through 
the conductors connecting them to the source, the elec- 
tric field in the space between the plates changes with 
time. This changing electric field produces a magnetic 
field that varies with distance from the region between 
the plates. 

The first principle was a new prediction of Maxwell's. 
Previously it was thought that the only current that pro- 
duced a magnetic field was the current in a conductor. 
The additional magnetic field that Maxwell said would 
arise from a changing electric field is so small in com- 
parison tc the magnetic field produced by the current 
in the conductors that it was not possible to measure 
it directly. But, as we shall see, Maxwell predicted 
consequences that could be tested. 

As an illustration of the second principle, which was 
known before Maxwell's work, consider the changing mag- 
netic field produced by, say, increasing the current in 
an electromagnet. This changing magnetic field induces 
an electric field in the region around the magnet. If 
a conductor is aligned in the direction of the induced 
electric field, the free charges in the conductor w.ill 
move under its influence, producing a current in the 
direction of the induced field. This electromagnetic 
induction was discovered experimentally and explained 
by Faraday. 

To see how Maxwell's ideas were tested we must con- 
sider his prediction of waves of a new type— electro- 
magnetic waves. 

Q1 What did Maxwell propose is generated by a changing 
electric field? 






f (eld is 

ihductd 

only 
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{teid \z 
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E is a 
meoctmim 
wfee* t is 




Q2 What is a displacement current? 

Q3 What did Maxwell's model help him find? 



When the magnetic field B between the poles of an 
electromagnet starts to increase, an electric field 
£ is induced. The^faster if changes the more in- 
tense E is. When B diminishes, an $ field is again 
induced, in the opposite direction. 
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See "The Relationship of Elec- 
tricity and hagnetism" in 
Pr oject Physics Reader 4 . 



Actually, the electric and 
magnetic field changes occur 
together, much like the "action* 
and "reaction" of Newton's 
third law. 




Suvnmara 

'The reciprocal induction of electro 
and magnetic fields results tn electro- 
ma<WTc wave* tiat Travel With a 
Speed which Maxwell calculated 
to be e^uod } Within 1he experi- 
mental uncerl&mtiA . to Ifxe speed 
of light. J ^ 



As was stated in Unit 3, 
page lift, the speed of propa- 
gation depends on both the 
stiffness 2nd density of the 
med ium; 



where v is the wave speed, E is 
the elasticity (measure of stiff- 
ness), and d is the density. 

X>5ot : Microwaves 



The propagation of electromagnetic waves . Suppose we create, 
in a certain region of space, electric and magnetic fields 
that change with time. According to Maxwell's theory, when 
we create an electric field E that is different at different 
times, this field will induce a magnetic field B that varies 
with time and with distance from the region where we created 
the changing electric field. in addition, the magnetic field 
that is changing with time induces an electric field that 
changes with time and with distance from the region where we 
created the magnetic field. 

This reciprocal induction of time- and space-changing 
electric and magnetic fields makes possible the following 
unending sequence of events. A time-varying electric field 
in one region produces a time- and space-varying magnetic 
field at points near this region. This magnetic field pro- 
duces a time- and space-varying electric field in the sur • 
rounding space. This electnc field, in turn, produces 
time- and space-varying magnetic fields in its neighborhood, 
and so on. An electromagnetic disturbance : nitrated at one 
location by vibrating charges as in a light source or the 
transmitter of a radio or television station, can travel to 
distant points through the mutual generation of the electric 
and magnetic fields. The electric and magnetic fields "30m 
hands," so to speak, and "march off" through space in the 
form of an electromagnetic wave. 

In Chapter 12 it was shown that waves occur when a 
disturbance created in one region produces at a later time 
a disturbance in adjacent regions. Snapping one end of a 
rope produces, through the action of one part of the rope 
on the other, a displacement at later times at points further 
along the rope. Dropping a pebble into a pond produces a 
disturbance that moves away from the source as a result of 
the action of one part of the water on the neighboring parts. 
Time-varying electric and magnetic fields produce a disturb- 
ance that moves away from the source as the varying fields 
in one region create varying fields in neighboring regions , 

What determines the speed with which the electromagnetic 
waves travel? m the case of waves in a rope, or in water, 
the speed of propagation is determined by the stiffness, or 
force which a displaced part of the material exerts on adja- 
cent parts, and by the density o. the material. Speed in- 
creases with increasing stiffness, but decreases with increas- 
ing density. Indeed the same relation between wave speed, 
stiffness, and density holds for both of these mechenical 
wave motions, and for many other ty^es of waves. Maxwell, 
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• Stxxndifxoi electro- 
rYicujrte>uc waves 



The actual experiment involved 
discharging a Leyden jar through 
a sensiti/e moving-coil meter. 
One calculation of the amount of 
charge is made from the electric 
force exerted on a sphere charged 
from the Leyden jar.. The second 
calculation is made from the de- 
flection of the moving coil 
the field of the meter's perma- 
nent magnet as the Leyden jar 
is discharged through it. 



assuming that this relation would hold for electromagnetic 
waves, proceeded to compute the stiffness and density of 
electric and magnetic fields propagating through the ether. 
The hard problem was to find values for these two properties 
of the electric and magnetic fields. 

Maxwell made his calculations in the following way. First, 
he showed that the part of the model that gives stiffness to 
the mechanism is the part that is analogous to the electric 
field. The part that determines the density is the part that 
is analogous to the magnetic field. Next, he proved mathe- 
matically that the ratio of these two factors, which deter- 
mines the wave speed, is independent of the strength of the 
fields. Finally, Maxwell demonstrated a remarkable property 
of these electric and magnetic fields: the ratio of stiffness 
to density, and hence the speed of the waves, is i 'hex zero 
nor infinite, the extreme values one might expect i. space 
empty of matter, but a definite quantity that can be measured 
in the laboratory. Quite a trip from rotating rods and ball 
bearings to waves that travel through space free of matter! 

Maxwell showed how the speed of electromagnetic waves 
could be calculated from laboratory experiments in which the 
same quantity of electric charge is measured by two different 
methods. One of the methods makes use of the Coulomb force 
that is proportional to the magnitude of the charge (F « q) . 
The other method makes use of the magnetic force exerted on 
a charge moving in a magnetic field— the force that is 
proportional to the product of the magnitude of the charge 
and its speed (F « qv) . The two calculated values fo~ 
the charge are in different units, and their ratio has 
the units of spe ed. 

The necessary measurements had been performed m Germany 
five years earlier by Webe r and: Kohlrausch. Using their 
values Maxwell calculated that the speed of electromagnetic 
vaves should be 310,740,000 meters per second He was imme- 
diately struck by the fact that this large number was very 
close to another speed well known m physics, in 1849 
Fizeau had measured the speed of light and obtained a value 
of 314,858,000 meters per second. The close similarity 
between these two numbers was, Maxwell felt, more than coin- 
cidence. It could have been a chance occurrence, but 
Maxwell, with faith in the rationality of nature, believed 
that there must be a deep underlying reason for these two 
numbers being the same, within the limits of experimental 
error. The critical significance for physics was obvious 
at once to him, and he wrote: 
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The velocity of the transverse undulations in our 
hypothetical medium, calculated from the electro- 
magnetic experiments of MM. Kohlrausch and Weber, 
agrees so exactly with the velocity of light cal- 
culated from the optical experiments of M. Fizeau, 
that we can scarcely avoid the inference that 
light consists in the transverse undulations of 
the same medium which is the cause of electric and 
magnetic phenomena . 

By means of his generalized principles of electromagnetism, 
including the new idea that changing electric fields produce 
magnetic fields, Maxwell showed that electric and magnetic 
fields can propagate together as waves in space. The speed 
of propagation is the same as the speed of light. 

Maxwell had not anticipated this agreement. In late 1861, 
he wrote in a letter to his friend Lord Kelvin: 

I made out the equations before I had any suspicion 
of the nearness between the two values of the velocity 
of propagation of magnetic effects and that of light, 
so that: I thi^V I have reason to believe that the 
magnetic and luminif erous media are identical. 

Realizing the great significance of his discovery, Maxwell 
turned his efforts to making the theory mathematically elegant 
and freeing it from his admittedly artificial model. In 1865, 
after he had sho\ n that the equations of his theory could be 
derived from his general principles of electromagnetism with- 
out relying on special mechanical assumptions, Maxwell wrote 
to his cousin, Charles Cay: 

I have also a paper afloat, with an electromagnetic 
theory oi light, which, till I am convinced to the 
contrary, I hold to be great guns. 

The synthesis of electromagnetism and optics was a great 
event in physics. ? In fact, physics had known no greater tiioe 
since the 1680' s when NevLon was doing his monumental work 
on mechanics. Although Maxwell's electromagnetic theory grew 
up in Maxwell's mind in a Newtonian framework, it leapt out 
of that framework and became the second great general physical 
theory, a theory independent of its mechanical origins. Like 
Newtonian mechanics Maxwell's electromagnetic field theory 
was spectacularly successful. We will see something of that 
success in the next few sections. The success went in two 
different directions: the practical and the conceptual. Prac- 
tically it led to a whole host of modern developments, such 
as radio and television.: On the conceptual level it led to 
a whole new way of viewing the universe. The universe was 
not a Newtonian machine of whirling parts; it included fields 
and energies that no machine could duplicate. As we will 
not~ later, Maxwell's work led almost directly to the special 
theory of relativity, and other physical theories were nour- 



Maxwell had shown that E and B 
are perpendicular to each other 
and to the direction of propa- 
gation of the wave. In the 
terminology of Chapter 12, elec- 
tromagnetic waves are transverse 
and as we roted in Chapter 13, 
it was knot/n that light waves 
are also transverse. 



The magnetic and luminiferous 
media were those ethers supposed 
to be responsible for transmit- 
ting, respectively, magnetic 
forces and light. 



16.4 



ished by it. Maxwell's field theory not only synthesized 

For a general survey of the electromagnetism and light, but provided a new way of looki 

development of physical ideas . , . y ur 100K1 

leading up to Maxwell's theory, the W ° rld that made Possible the flowering of physics in 

see the article by Einstein the twentieth century, 

and Infeld, "The Electromagnetic 
Field," in Project Physics 
Reader 4 . 

What ratio did Maxwell use in calculating the speed of 
electromagnetic waves? 

What discovery did he make upon calculating this speed? 
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Summary [t> 

hleinrtch Hertz } usina an induction 
&>b and spark yap ? -Succeeded in 
qer&rx*triy and detects cj electro- 
maanetio waves % He measured foe 
speed of 1hese waves } studied 
-their interfenanae and #te wau 
faey ame reflected , refracted and 
potari'-zed . Ha this wau he demon- 
strafed feat Haey have many 
properties characteristic of /ght 
Waves'. HeHrs experiments were 
decisive tn brinaina scientists tb 
accept Maxwell's- elecfomaqnetic 
field Iheorvj. 



£38' Waves } module^ ion ? 
CorrinnAnicaiidrx . 



Hertz's experiments. Did Maxwell's theoretical result estab- 
lish that light actually does consist of electromagnetic 
waves, or even that electromagnetic waves exist at all? No, 
Most other physicists remained skeptical for several years. 
The fact that the ratio of two quantities determined by elec- 
trical experiments came out equal to the speed of light 
certainly suggested that there is some connection between 
electricity and light; no one seriously argued that it was 
- only a coincidence. But stronger evidence was needed before 
the rest of Maxwell's theory, with its mysterious displace- 
ment current, could be accepted* 

What further evidence would be sufficient to persuade 
physicists that Maxwell's theory was correct? Maxwell 
showed that his theory could explain all the known facts 
about electricity, magnetism and light. But so could 
other theories. To a modern physicist who has learned 
Maxwell's theory from recent textbooks, the other theories 
that were proposed in the nineteenth century would all 
seem much more complicated and artificial. But at the 
time, Maxwell's theory used the strange xdea of fields and 
was difficult to understand. On the basis of simplicity 
Maxwell's theory could not win out in the minds of those 
physicists who were not accustomed to thinking in terms of 
fields. It could only be accepted in preference to other 
theories if it could be used to predict some new property 
of electromagnetism or light. 

Maxwell himself made two such predictions from his theory. 
Unfortunately, he did not live to see them verified experi- 
mentally, for he died in 1879 at the age of 48. 

Maxwell's most important prediction was that electromag- 
netic waves of many different frequencies could exist. All 
such waves would be propagated through space at the speed of 
light. Light itself would correspond to waves of only a 
small range of frequencies, from 4 x 10 u cycles/sec to 
7xl ° U c ycles/sec_f r equencies that happen to be detectable 
by the human eye. 



116 



available w Maxwells time. 




1 



16 4 

„ ^ . ^ An electric current pscaHatina at 0 

To test this prediction, it was necessary to invent some • • • „ , 7/ . 

* * verw hiah frequency inducer maanetic 

apparatus that could produce and detect electromagnetic fields (fiat ore lattje awp^eol to 

waves of other frequencies than those of light. This was ^he- Ordirxaru magnetic field of "foe 
first done by the German physicist Heinrich Hertz. In 1886 , current . SwL Circuits "fr produ~e, swk 
Hertz noticed a peculiar effect produced by the sparking of hlty frequency tttillatlcnS We not 
an induction coil. It had already been observed by other 
scientists that sparks sometimes jumped through the air 
between the terminals of an induction coil. You will recall 
(Chapter 155 that an induction coil can be used to produce 
high voltages if there are many more turns of wire on one 
side than the other* Ordinarily, air does not conduct 
electricity, but when there is a very large potential dif- 
ference between two wires a short distance apart, a conduct- 
ing pathway may be formed momentarily by ionization of the 
air molecules, and a short burst of electricity may pass 
through. We see a spark as visible evidence of this quick 
motion of charge. Hertz observed that when a piece of wire 
was bent around so that there was a short gap between its 
two ends, and held near an induction coil, a spark would jump 
across the air gap in the wire when a spark jumped across 
the terminals of the induction coil. 
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Starting and stopping the cur- 
rent in coil A with a vibrating 
switch produces a rapidly chang- 
ing magnetic field in the iron 
core. This rapidly changing 
field induces high voltage peaks 
in the many-turn coil B. 
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Each spark produced by an induction coil is actually a 
series of many sparks jumping rapidly back and forth between 
the terminals. Hertz could control the jumping frequency by 
changing the size and shape of the 16-inch square plates he 
used for terminals. He reasoned that as the sparks jump back 
and forth they must be setting up rapidly changing electric 
and magnetic fields in the air gap, and these fields, accord- 
ing to Maxwells theory, will propagate through space as elec- 
tromagnetic waves. (The frequency of the waves will be the 
same as the jumping frequency of the sparks.) 



\vf tc\n £ 
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When the electromagnetic waves pass over the air gap in 
the bent piece of wire, they will set up rapidly changing j' mt«< kA <hi,\ • 

electric and magnetic fields there. A strong electric field ' 
produces a spark in the air gap, just as a field originally ^ 

produced a spark between the terminals of the induction coil.-j^ d$ecX\Y\a^ loop must be resonant 
Since the field is rapidly changing, sparks will jump back ^ ' ' 

and forth between the two ends of the wire. This wire 
serves as a detector of the electromagnetic waves generated 
by the induction coil. 

If Hertz f s interpretation of his experiment is correct, 
and if the detector is really receiving electromagnetic 
waves which have traveled through space from the induction 
coil, then there must be a short time delay between the two 
sparks. The spark in the detector cannot occur at exactly 

~TFt£* radio and television *sfofic/ produced h(A Sparking in electrical appliances and in 
■tirz ^nxtxdn of passing cars sHctw ki^x frequency oscillations occur in sparks 
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at fae same -frecfuency as ~ffte 
qtn&rator and lie in a plane 
parailel b tfte ^eneratm^ $Of>. 



A* A recorded research report 
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Helnrich Hertz (1857-1894) was 
bom in Hamburg, Germany. Dur- 
ing his youth he was mainly in- 
terested in languages and the 
humanities but became interested 
in science after a grandfather 
gave him some apparatus. Hertz 
did simple experiments in a 
small laboratory which he had 
fitted out in his home. After 
completing secondary school (and 
a year of military service) he 
undertook the serious study of 
mathematics and physics at the 
University of Berlin in 1878. 
In 1883 he devoted himself to 
the study of electromagnetism, 
including the recent work of 
Maxwell. Two years later he 
started his famous experiments 
on electromagnetic waves. Dur- 
ing the course of this work, 
Hertz made another discovery — 
the photoelectric effect — 
which has had - profound influ- 
ence on modern physics. We shall 
study this effect in Chapter 18 
(Unit 5), 



for Z ^ 5 B dent Handbook) 

de ™wsfc*t<6n op 
raataxion pressure. 



the same instant as the spark in the induction coil because 
the other. 

in 1888, Hertz was able to measure the speed of these 
electromagnetic waves and found that thi, speed , as Maxwell 
had predicted, is just the speed of light.. 

In subsequent experiments, Hertz showed that the electro- 
magnetic radiation from his induction coil has all the usual 
propert.es of light waves. It can be reflected at the sur- 
face of a wall and by metallic conductors, and the angle of 
incidence is egual to the angle of reflection (see Sec. 13.3). 
The electromagnetic radiation can be focussed by a concave 
metallxc mirror, it shows diffraction effects when it passes 
through an opening in a screen., it is refracted in passing 
through prxsms of glass, wood, plastxc and other non-conduct- 
ing material . 

Hertz's experiments provided dramatic confirmation of 
Maxwell's electromagnetic theory. They showed that electro- 
magnetic waves actually exist, that they travel with the 

of ixght. There was now rapid acceptance of Maxwell's theory 
oy mathematical physicists = i • j 

. ^ u p y slcis ts, who applied it with great success 

to the detailed analysis of a wide ranao of h 

wiae range of phenomena. 

Maxwell also predicted that electromagnetic waves will 
exert a pressure on any surface that reflects or absorbs 
them. This pressure is very small, and experimentally it 
xs extremely difficult to distinguish it f ro m the pressure 
caused by air currents set up by heating of the surface that 
absorbs the waves. The technical difficulties involved in 
testxng thxs prediction were not solved until 1899 , when 
Lebeaev xn Russia and two years l ater , Nichols and Hull in 



ia- 



the united States finally confined the existence of radi 
txon pressure. They found that this pressure has exactly 
the value predicted by Maxwell's theory. 

Thus, at the end of the nineteenth century, Maxwell's 
lectromagnetic theory stood on the same level as Newton's 
laws of mechanics, as an established part of the foundations 
or physics. 



Q6 What prediction of Maxwell 's „ aS verified by Hertz? 
l ? ves? What dld Hertz «• as a detector of electrorcagnetic 
QSwhat second prediction of Maxwell's was later confirmed? 
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produce osallctino, currents 



See article ovx' Micro wave Ofi\cs v 
rssue of "The Phupcs Teacher , P> 55, 




Electromagnetic radiation 
of a few centimeters wave- 
length is produced by 
oscillating electric 
fields inside the metal 
horn. Experiments with 
this radiation show phe- 
nomena similar to those 
observed for water and 
sound waves. Below are 
actual measurements of 
the intensity of a stand- 
ing interference pattern 
in front of a flat re- 
flecting surface. All 
these experiments can be 
done in your laboratory 
period . 
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The frequency unit "cycles/sec" 
is being replaced by the equiv- 
alent unit, the "Hertz." You 
will sometimes see the forms 
10 6 Hertz, 1Q6 cycles/sec, 10 3 
kilocycles/sec, 1 megacycle/sec 
all signifying the same fre- 
quency. Some FM radio stations 
now regularly give their fre- 
quencies in megahertz. 



165 The electromagnetic spectrum. Hertz used radiation with a 
wavelength of about 1 meter, about a million times the wave- 
length of visible light. You might now ask: is this an iso- 
lated set of wavelengths or a small segment of a spectrum of 
much greater extent? Experiments show that there is a wide 
and continuous variation in the wavelength (and frequency) 
of electromagnetic waves;, the entire possible range is called 
the electromagnetic spectrum. A range of frequencies from 
a^out 1 cycle/sec to 10 25 cycles/sec, corresponding to a 
wavelength range from about 10 8 meters to 10~ 17 meters, has 
been studied and many frequency regions have been put to 
practical use. 

Light, heat, radio waves and x rays are names given to 
certain regions in the electromagnetic spectrum. Each of 
these names denotes a region m which radiation is produced 
or observed in a particular way. For example, light may be 
perceived through its effect on the retina of the eye, but 
to aetect radio waves we need electronic equipment to select 
and amplify the signal. T he named regions overlap;, for 
example, some radiation is called "ultraviolet" or "x-ray" 
depending on how it is produced. 
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Spectrum 



See "The Electronic Revolution" 
in Project Physics Reader 4 . 
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All the waves in the electromagnetic spectrum, although 
produced and detected in various ways, behave as predicted 
by Maxwell's theory. All electromagnetic waves travel through 
space at the same speed, the speed of light. They all carry 
energy; when they are absorbed the absorber is heated. 
Electromagnetic radiation, whatever its frequency, can be 
knitted only by a process in which energy is supplied to 
the source of radiation. There is now overwhelming evidence 
that electromagnetic radiation originates from accelerated 
charges. This acceleration may be produced in many ways: 
by heating materials to increase the vibrational energy of 
charged particles, by varying the charge on an electric 
conductor (an antenna), or by causing a stream of charged 
particles to change its direction. in these and other 
processes the work done by the force applied to the electric 
charges becomes the energy of radiation. 
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Xn December iqoi QutCjlielyno Marconi successfully detected radio Vvaves- sent fram 
Newfoundland 16 Ireland . tAarcom skowed that lono\ ^/stance radio communication 
is possible and revealed jfne previously unsuspected 

See note o\n page (33 
cono&rninc* Deforest. 




carrier wave 




layers of electric cWxro^e. m fie upper atmosphere* ies 

Radio . Electromagnetic waves of frequencies 
of 10 u to 10 7 cycles/sec are' efficiently reflec- 
ted by electrically charged layers in the upper 
atmosphere. This reflection makes it possible 
for radio waves to be detected at great dis- 
tances from the source. Radio signals have 
wavelengths from tens to thousands of meters. 

Such waves can easily diffract around relatively small obsta- 
cles such as trees or buildings, but large hills and moun- 
tains may cast severe shadows. 

Radio waves that can traverse large distances, either 
directly or by relay, are very useful for conveying infor- 
mation. Communication is accomplished by changing the signal 
in some way following an agreed code that can be deciphered 
by the recipient. The first radio communication was achieved 
by turning the signal on and off in the agreed pattern of the 
Morse code. Later the amplitude of the signal was varied in 
accordance with the tones of speech or music- Still later 
the frequency of the signal was varied. In broadcast radio 
and television the decoding is done in the receiver and the 
loudspeaker or TV picture tube, so that the message takes 
the same form at the receiver that it had at the transmitter. 

Because electromagnetic signals can interfere with one 
another it is necessary to limit their transmission. The 
International Telecommunication Union (ITU) controls radio 
transmission and other means of international communication. 
Within the United States, the Federal Communications Commis- 
sion (FCC) is the government agency that regulates radio 
transmission. In order to reduce the interference of one 
signal with another, the FCC assigns suitable frequencies to 
radio stations, limits their power or sometimes the power 
radiated in particular directions, and often restricts the 
hours of transmission. 

Television and radar . Television and FM broadcasting 
stations operate at frequencies of about 10 8 cycles/sec or 
wavelengths of about one meter. These frequencies are not 
reflected by the layers of electric charge in the upper at- 
mosphere; the signals travel in nearly 
straight lines and pass into space instead 

of following the curvature of the earth. n 
Coaxial cables or relay stations are neces- 
sary to transmit signals between points on 
the earth separated by more than about 50 
miles. Signals can be transmitted from one 
continent to another by relay satellites. 

An. importayft principle \n radio thxnsmi'ssion and detection 
(slfaatoflfoe resonant or ''tUned* circuit. "Reference id this 
can be -found in the "tfadio Amateur's Handbook " or basic 
-texts (t'sted I: most radio Supply cataloguer, eq.> Allied 1?ad(o. 



A Looking inside 
a radio tube 
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AM: information conveyed 
by amplitude modulation 
(variation) of the carrier 




FM: information conveyed 
by frequency modulation 
(variation) of the carrier 
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Satellites are used to relay 
microwaves all over the world. 
The microwaves can carry TV or 
telephone information. 




A photo taken in Utah with film 
sensitive only to infrared* 



These ^eter wavelength signals io not pass around ob D ects, 
such as cars, ships, or aircraft, which have dimensxons of 
several meters. The interference with the direct waves that 
results from reflection of these waves by passing airplanes 
can produce a very noticeable and annoying movement and 
flicker of the television Picture. Signals of wavelength 
from one meter down to as s>crt as one millimeter are used 
to detect aircraft and ships. If the transmission takes 
the form of pulses, the time from the radiation of a pulse 
to the reception of its echo measures the distance of the 
reflect .ng ob}ect. This technique is called RAdio Detection 
And Ranging, or RADAR. when a large antenna is used with 
waves of very short wavelength, a sharp beam like that of 
a searchlight cm be produced. From the reflection of a 
sharp beam that is pulsed both the direction and distance 
of an object can be measured. 

Infrared radiation .. Electromagnetic waves with wave- 
lengths from 10" 1 to 10-^ meters are often called microwaves. 
It is difficult to construct circuits that oscillate at 
frequencies nigh enough to produce these waves. However, 
electromagnetic waves shorter than about 10 _1 < meters are 
emitted copiously by the atoms of hot bodies. This "radiant 
heat" is usually called infrared , because most of the energy 
is in the wavelengths slightly longer than the red end of 
the visible band of radiation. While associated mainly with 
heat radiation, they do have some properties which are the 
same as those of visible light. The shorter infrared waves 
affect specially t-eated photographic film, end photographs 
taken with infrared radiation show some interesting effects. 
Since scattering by snail particles in the atmosphere is 
very much less for long wavelengths (Sec. 13.6), infrared 
will penetrate smoky .haze dense enough to block visible lignt. 

Visible light. The visual receptors in the human eye are 
sensitive to electromagnetic radiation with wavelengths 
between about 7 x 3 0" 7 and 4 , 10' 7 meters. Radiation of 
these wavelengths is usually called "light/ 1 or more 
explicitly, "visible light." The peak sensitivity of the 




eye is in the green and ye] low, roughly the same as the 
peak of solar radiation w.iich reaches the earth's surface. 
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Ultraviolet light . Electromagnetic waves shorter than 
the visible violet are called ultraviolet . The ultraviolet 
region of the spectrum is of great interest to the spectro- 
scopist because it includes the radiation characteristic of 
many kinds of atoms. Of more general interest is its abil- 
ity to cause many kinds of photochemical reactions in which 
radiant energy is converted directly into chemical energy. 
Typical of these reactions are those which occur in silver 
bromide in the photographic process, in the production of 
ozone in the upper atmosphere and in the production of the 
dark pigment, known as melanin, in the skin. 

X rays . This radiation (wavelengths from about 10 ~ 8 
meters to 10" 17 meters) is commonly produced by the sudden 
deflection or stopping of electrons when they strike a metal 
target. The maximum frequency of the radiation generated is 
determined by the energy with which the electrons strike the 
target, which is determined by the voltage through which 
they arrj accelerated (Sec. 14.8). So the maximum frequency 
increases with the accelerating voltage. The "harder" the 
x rays (the higher the frequency) , the greater is their 
penetration of matter. The distance of penetration also 
depends on the nature of the material penetrated. X rays 
are quite readily absorbed by bone (which contains calcium) , 
whereas they pass much more readily through lower density 
organic matter (such as flesh) containing mainly the light 
atoms hydrogen, carbon and oxygen. This fact, combined with 
the ability of x rays to affect a photographic plate, leads 
to some of the medical uses of x-ray photography. Because 
x rays can damage living cells they should be used with 
great caution and only by trained technicians. Some kinds 
of diseased cells are injured more easily by x rays than are 
healthy cells, and so carefully controlled x-ray beams can 
be used in therapy to destroy cancer or other harmful cells. 

X rays produce interference effects in a special type of 
reflection which occurs when they fall on a crystal, in 
which atoms and molecules are arranged in a regular pattern. 
Successive reflections from crystal planes (parallel planes 
containing substantial numbers of atoms) lead to an inter- 
ference pattern which can be used in either of two ways. 
If the spacing of the atoms in the crystal is known, the 
wavelength of the x rays can be calculated. Conversely, 
if the x-ray wavelength is known, the distance between 
crystal planes, and thus the structure of the crystalline 
substance, can be determined. X rays are now widely used 
by chemists and mineralogists seeking information about 
crystal structure. 



An x-ray photo of a 
chambered nautilus 
sea shell. 



The bos\$ -for ifts tS, tff course^ 

caAqs is Youafdu 1f\e same as the 
x-ray \o 10 mdters). 



ERLC 



123 





Astronomy Across the Spectrum 

Electromagnetic rad;nion of different wave- 
length* brings US different kinds of information 
Above are two views of the sun on Oct. 25 1967-. 
•it the left is a photo taken in violet light; at 
the right is a computer plot of intensity ot very 
short ultraviolet emission. The UV doesn't pene- 
trate the earth's atmosphere; the information 
displayed here was collected by the Orbiting 
So ar Observatory satellite shown at the right. 
Below are three views of the sun on Mar. 17 1965 
At the left is a photograph in red light; at the ' 



right is an image formed by x rav.s : on the next 
page is an intensity contour map made from the 

e™? h e .\ T ' ,C telesc °P e was "ised -bove the 

earth s atmosphere by an Aerobee rocket. 
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Longer wavelength radiations such as radio and 
infrared «.re able to penetrate interstellar dust. 
Radio telescopes come in a great variety of 
shapes and sizes. Above is shown the huge 
Areeibo telescope in Puerto Rico; it has a fixed 
reflector but a moveable detector unir. To the 
right are a photograph and a diagram of a pre- 
cise steerable antenna, the Haystack antenna in 
Massachusetts. Information collected with this 
instrument at 3.7 cm wavelength led to the upper 
contour map at right. This map of radio bright- 
ness is of the portion of the sky around the 
center of our galaxy; che area covered is about 
that of the full iroon. The infrared brightness 
of the same portion of sxy is shown in the 
bottom contour map. 







, I.:.. r\ A 



12? 



16 6 




Gamma ray _s. The gamma-ray region of the electromagnetic 
spectrum coincides with the x-ray region. Gamma radiation 
is emitted by the unstable nuclei of natural or artificial 
radioactive materials. We shall return to considering 
gamma rays in Unit 6. 



The glow in the photograph is 
caused when gamma rays emitted 
by radioactive cobalt 
cylinders interact with 16.6 
the surrounding pool of 
water. 
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vision si 8 y n^ ? relay Statl ° nS °"" nEeded in tele- 

2"«ttS 13 fre<,UenCy ° f X rayS related to their penetration 

01? How do the wa lengths used in RADAR compare to the wave- 
lengths of visible light? 6 

013 How does the production of x rays differ from that of 
gamma rays? 
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Maxwell? ski// tit applwna mathe- 
matical abitfvnc.fi ins to wal - con- 
ceived mechanical models was 
an important Source of his 
success. MaxvrmH emphasized #te 
value of working at both 1fc«orw 
and exp>erimint and the J 
importance of the historical stlwfa 
of significant Works of scionoe . 



A great "French philosopher 
one, of {fas* uJho have nvost 
completely fatPicmed Maxwells 
work , said -fa me once> ) "X 
understand everything irrihe 
book except ^hoct is meant 
by a/t (i electrically charged 



Maxwell: intellectual c haracteristics and attitudes . The 
capacity of Maxwell's electromagnetic theory to relate di- 
verse discoveries over the broad frequency range of the 
electromagnetic spectrum is striking evidence of the import- 
ance and scope of his accomplishment. Let .is consider some 
of the qualities of Maxwell's intellect that contributed to 
his success in carrying frough his grand work. 

Maxwell's way of thinking about scientific problems was 
an effective joining of the concrete with the abstract. He 
was quick to see and grasp the essential physical features 
of the problems he attacked. His intuition developed from 
a practice he began as a boy of studying the operation of 
mechanisms, from a toy top to a commercial steam engine, 
until he had satisfied his curiosity about how they worked. 
On the abstract side, his formal studies, begun at the 
Academy in Edinburgh and continued through his work ds an 
undergraduate at Cambridge, gave Maxwell experience in using 
mathematics to develop useful parallels among apparently 
unre lated occurrences . 

Within two years ^fter receiving his bachelor's degree, 
Maxwell demonstrated his exceptional ability to fuse these 
two elements. H is paper "On Faraday's Lines of Force" 
gave mathematical form to a physical model. His prize- 
winning essay "On the Stability of the Motion of Saturn's 
Rings" was a mathematical analysis of several mechanical 
models by which h- proved that only one model of the ring 
material could account for the stability of the rings. 

Although Maxwell's theories were his greatest contributions 
to science, h- <Ud important experimental work on color, on 
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James Clerk Maxwell (1831-1879) was 
born in Edinburgh, Scotland in the 
same year Faraday discovered electro- 
magnetic induction. Unlike Faraday, 
Maxwell came from a well-off family, 
and was educated at the Edinbuigh 
Academy and the University of Edinburgh. 
He showed a lively interest in how 
things happened when he was scarcely 
three years old. As a child he con- 
stantly asked, "What's the go of 
that?". While Maxwell was still at 
the Edinburgh Academy, he wrote a 
paper on "Oval Curves," and a sum- 
mary of this paper was published in 
the Proceedings of the Royal Society 
of Edinburgh when he was only fourteen 
years old. By the time he was 
seventeen he had published three papers 
on the r'^ults of his original research. 
In 1850 he went to the University of 
Cambridge in England. In 185)6 he 
became Professor of Physics at the 
University of Aberdeen in Scotland. 
He was one of the main contributors 
to the kinetic theory ^f gases and to 
two other important branches of 
physics, statistical machines and 
thermodynamics. His greatest achieve- 
ment was his electromagnetic theory, 
because of his tremendous contributions, 
Maxwell is generally regarded as the 
greatest physicist between the time 
of Isaac Newton and that of Albert 
Einstein. 




127 



16 6 



the viscosity of gases, and in electricity and magnetism. 
Maxwell was a strong believer in the value to the scientist 
of working at both theory and experiment. 

There is no more powerful method for introducing 
knowledge into the mind than that of presenting 
it in as many different ways as we can. ; When the 
ideas, after entering through different gateways, 
effect a junction in the citadel of the nrnd, the 
position they occupy becomes impregnable. ...It 
is therefore natural to expect that the knowledge 
of physical science obtained by the combined use 
of mathematical analysis and experimental research 
will be of a more solid, available, and enduring 
kind than that possessed by the mere mathematician 
or the mere experimenter. 

In addition to working at physics itself, Maxwell was an 
active analyst of the methods of scientists and of the ways 
in which scientific knowledge progresses. He recommended 
the historical study of original works of science, believing 
that 

It is of great advantage to the student of any 
subject to read the original memoirs on that 
subject, for science is always most completely 
* * assimilated when it is in the nascent state... 

Many of Maxwell's papers begin with reviews of earlier 
work that show the care with which he studied the history 
of his subject. Maxwell asserted that it was important for 
the scientist to know, through examples, the value of dif- 
ferent scientific methods. In addition to studying proce- 
dures that have succeeded, the scientist should study those 
that have failed. 

But the history of science is not restricted to 
the enumeration of successful investigations. 
It has to tell of unsuccessful inquiries, and to 
explain why some of the ablest men have failed 
to find the key to knowledge, and how the reputa- 
tion of others has only given a firmer footing 
to the errors into which they fell. 

At a time when other physical scientists were saying that 

a mechanical explanation for physical experience was nearly 

complete, Maxwell saw new possibilities for scientific 

explanation and enlarged opportunities for scientific 

speculation. As with the Newtonian synthesis, a stimulating 

period of application and extension of Maxwell's new field 

theory followed. The theory of relativity (1905) put 

See "James Clerk Maxwell, Part II" Maxwell's work in a new and wider framework. But eventually 
and "Maxwell's Letters: A Collec- , . 

tion" in Project Physics Reader 4 . results accumulated that did not <=it Maxwell's theory; some- 
thing more was needed. In 1925, after a quarter century of 
discovery and improvisation, the development of the quantum 

A; :3e{( telephone* science, kits. 
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theory led to an enlarged synthesis that included Maxwell's 
electromagnetism. 



Q14 What value did Maxwell see in a scientist working at 
both theory and experiment? 

Q15 What did he think important to study in the history of 
science? 

16.7 what about the ether ? The luminiferous ether had been postu- 
lated specifically to serve as a medium for the propagation 
of light waves. Maxwell found that the same ether could also 
be used to transmit electric and magnetic forces. Just 
before his death in 1379, Maxwell wrote an article for the 
Encyclopaedia Britannica , in which he supported the ether 
concept . 

Whatever difficulties we may have in forming a 
consistent idea of the constitution of the aether 
there can be no doubt that the interplanetary 
and interstellar spaces are not empty, but are 
occupied by a material substance or body, which 
is certainly the largest, and probably the most 
uniform body of which we have any knowledge.... 

Maxwell was aware of the failures of earlier ether theories. 
Near the beginning of the same article he said: 

Aethers were invented for the planets to swim 
in, to constitute electric atmospheres and 
magnetic effluvia, to convey sensations from 
one part of our bodies to another, and so on, 
till all space had been filled three or four 
times over with aethers. It is only when we 
remember the extensive and mischievous 
influence on science which hypotheses about 
aethers used formerly to exercise, that we 
can appreciate the horror of aethers which 
sober-ninded men had during the 18th century... 

Why, after he had succeeded in formulating his electro- 
magnetic theory in a way that made it independent of any 
detailed model of the ether, did Maxwell continue to speak 
of the "great ocean of aether" filling all space? 

Like other great men, Maxwell could go only so far in 
changing his view of the world. It was almost unthinkable 
that there could be vibrations without something that vi- 
brates — that there could be waves without a medium. The verb 
"to wave" must have a subject: the ether. Similarly, to many 
nineteenth-century physicists the idea of "action at a dis- 
tance" seemed absurd. How could one object exert a force on 
another body far away if something did not transmit the force? 
One body is said to act on another, with the word on conveying 
the idea of contact. Thus, according to accepted ways of 
describing the world using the common language, the postulate 
of the ether seemed nects-»sary. 



" TFte greatest and noblest 
pleasure which tren can 
have m this Uorld is to 
discover new truths ; and 
the rrx( \s to shake: off 
old prejudices * 

me&ejacK The q«er/vr; 



Sumworw It. 7 

Maxwell^ electromagnetic IheoriA , 
"fofletfier with ^ae -fhilwne of al(^ 
(xterrypts lb defeat any motion of 
tfte earth itironqh tne ether } 
helped id underrrune. ike general 
belief m -foe existence df an 
ettae>r~ "/fie success of Eih&eins 
extension afifte principle of vela- 
tivttiA id include uolh mechanics 
ana elecfromaojrx&'srn \ed scientist? 
to abandon %e ether concept Ihe 
mechanical models dp light and 
electricity Served as a &aftbldina 
far construdina a field faeoru 
AWf then provided its own support 
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''The* more- important funda- 
mental laws and -facte of 
physical saenoe, have all been 
discovered , and ipiese are 
w>h so firmly established 
ifiat the possibility of tfceir 
ever being Supplanted in 
consequence, of #ew discov- 
eries is exceedingly remote. 
"Our future discoveries must 
be looked for in -foe sixWi 
place of dect'ynals" 



The possibility IhdtUte 
elher near #fe earth 
(S draojject along bu\ 
-the earth u>as also 
considered . This pos- 
sibility (a/OS -found t> 
be inconsistent: with 
-telescopic obsetrv&tinns 
of stars (aberration 
of (jbjht ), 



Michelson first tried the experi- 
ment in 1881, stimulated by a 
letter of Maxwell's published 
just after Maxwell's death. 
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Yet twenty-five years after Maxwell's death the ether 
concept had lost much of its support, and within another 
decade, it was dropped from the physicists' collection of 
useful concepts. 

In large part, the success of Maxwell's theory, with its 
indifference to details of the ether's constitution, helped 
to undermine the general belief m the existence of an ether. 
Maxwell's equations could be considered to give the rela- 
tions between changes of electric and magnetic fields in 
space without making any reference to the ether. 

Another reason for skepticism about the existence of the 
ether was the failure of all attempts to detect the motion 
of the earth with respect to the ether. If light x c a kind 
of vibration of the ether, then light should travel at a defi- 
nite speed relative to the ether. But it seemed reasonable 
to assume that the earr.h is moving through the ether as it 
makes its annual orbit around the sun. Under these condi- 
tions the speed of light should be observed to differ, when 
the earth and the light are moving in the same direction 
through the ether, from the speed when the e^rth and light 
are moving in opposite directions through the ether. An 
analogous effect is observed with sound waves that go faster 
rf/ith respect to the earth when traveling in the direction of 
the wind than they do when traveling against the wind. 

When the time for light to make a round trip with and 
against the ether wind is computed and compared with the 
time calculated for a round trip in the absence of an ether 
wind, the expected time difference is *ound to be very 
small: only 10" 15 seconds for a round trip of 30 meters. 
Although this is too short a time difference to measure 
directly, it is of the same order as the time for one 
vibi.ai.ion of visible light and might be detected from 
observations of an appropriately produced interference 
pattern. In 1887 the American scientists Michelson and 
Morley used a specially designed interferometer that was 
sensitive enough to measure an effect only one per cent 
as great as that expected on the basis of the ether theory. 
Neither this experiment nor the many similar experiments 
done since then have revealed an ether. 

In an attempt to preserve the idea of an ether, support- 
ers of the ether concept offered various explanations for 
this unexpected negative result. For example, they even 
suggested that objects moving at high speeds relative to 
the ether might change their size in just such a way as to 
make this relative speed undetectable. 



O 130 

ERIC 



16.6 



The conclusive developnent that led scientists to forego 
the ether concept was not a definitive experiment, but a 
brilliant argument by a young man of 26 years to the effect 
that a deep union of mechanics and electromagnetism could 
be achieved without the ether model. The man was Albert 
Einstein. A few remarks here describing his accomplishment 
will provide a setting for your study of Einstein's work 
now or at a later time. (More on relativity theory appears 
in Chapter 20 and Project Physics Reader 5 .) 

In 1905, Einstein showed how the laws of electroraqnet - 
ism satisfy the same principle of relativity that holds 
for mechanics. The Galilean principle of relativity 
(Sec. 4.4) states that the same laws of mechanics apply 
in each of two frames of reference which have a constant 
relative velocity. Thus it is impossible, accordina to 
this principle, to tell by any kind of mechanical experi- 
ment whether or not one's laboratory (reference frame) is 
at resu or is moving with constant velocity. The prin- 
ciple is illustrated by the common experience that within 
a ship, car, plane or tram moving at a constant speed in 
a straight line, the observer finds that objects move, or 
remain at rest, cr fall or respond to applied forces in 
just the same way they do when these conveyances are at 
rest. Galileo, a convinced Copernican, used this prin- 
ciple to account for the common experience that the motion 
of objects with respect to the earth gives no indication 
that the earth itself is in motion about the sun 

In his 1905 paper Einstein considered what would happen 
if this principle of relativity applied to all of physics, 
including electromagnetism. He assumed that the speed 
of light in free space is the same for all observers, even 
when they are moving relative to each other or relative 
to the light sources. With this bold assumption Einstein 
rejected the ether and all other attempts to provide a 
preferred frame of reference for light. The price to b rt 
paid for making this assumption, Einstein showed, was the 
necessity of revising some commonly held and hence common- 
sense notions of space and time. By making these revisions,, 
Einstein demonstrated that Maxwell's equations are fully 
consistent with the principle of relativity. As scien- 
tists came to recognize how the extension of the relativ- 
ity principle to electromagnetism fitted the observed 
behavior of light and led to useful new ideas about mass 
and energy, they rejected the idea of the ether. Some 
of the important consequences of Einstein's theory of 
relativity will be discussed in Unit 5., 




See Einstein's essay "On The 
Method of Theoretical Physics" 
in Project Physics Reaper 4 . 
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What was the role played by the elaborate array of ethers 
vortices and other mechanical models that the nineteenth- 
century physicists used? It would certainly be unjust to 
say that the mechanical models were useless, since they 
guided the work of Maxwell and others and had astonishingly 
useful by-products in contributing to an understanding of 
the elastic properties of matter. We should consider the 
mechanical models of light and electricity as the scaffolding 
which is used to erect a building; once the building is 
completed, providing the construction is sound, the scaffold- 
ing can be torn down and taken away. 

Indeed the whole conception of explanation by means of 
mechanism, while intuitively persuasive, has been found 
insufficient and has been abandoned. Important developments 
m twentieth-century physics that have demonstrated the 
inadequacy of mechanical explanation will be discussed in 
Units 5 and 6. 



fther? MaXWeU ° therS Cli " 8 t0 the con «pt of ar 

SJotheJET ar8Ument finaUy eth « - — sary 



In this chapter you have 
read about how mechanical 
models of light and elec- 
tromagnetism faded away, 
leaving a model-less math- 
ematical field theory. 
The situation might be 
likened to that of the 
Cheshire Cat, in a story 
written by the Reverend 
Charles Dodgson, a mathe- 
matics teacher at Oxford, 
in 1862: 




"I wish you wouldn f t keep 
appearing and vanishing so 
suddenly," replied Alice, 
"you make one quite giddy." 
"All right," said the Cat; 
and this time it vanished 
quite slowly beginning with 
the end of the tall and 
ending with the grin, which 



"Reforest has said m many newspapers and o/er his siAnafane That "it 
woula be possible io transmit 1fte human voice, acrvss iPie Atlantic Ipefone 
many years. Sased on iPies* absurd and dpMb&rafelij nttsleaMihg gtcfte- 
w&rfxs J Hie misguided public / tyour Honor > has been persuaded to purchase. 
Stook in his company " 

Extract fr*m "foe ward of -fie frwJ «f LBB V&fZonesr »r\ 
rft» u*« #f a ^v«^pm«^f *f Vcfenrt* vacuum tube 



remained some time after 
the rest of it had gone. 
"Weill I've often seen 
a cat without a grin," 
thought Alice, "but a grin 
without a cat I It's the 
most curious thing I ever 
saw in my life!" 

( Alice's Adventures in 
Wonderland . Chapter VI) 
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16.1 What inspired Oersted t 0 look for a ConnecClon beCween 
electricity and magnetism; The idea a|( phijs-caf p^^a 

0 A ^ rftfpcn^r fVm* Sfcww bac.c force 

lt>.* A current in a conductor can be caused by a steady electric 
field. Can a displacement current m an insulator be similarly 
caused? Explain your answer briefly. Ho 

16 ' 3 A^StaJifSr el ^ ccroma 8 ne y c wave initiated and propagated? 
/^CCtleKafsv^ cJ-ia^e a^pl vvtvrtnat induction 

16.4 What is the "disturbance" that travels in each of tne fol- 
lowing waves: 

a) water waves, heioflrit 

b) sound waves, pressure ✓ dtrt^ity 

c) electromagnetic waves 9 ^e(d sTrencfty 

16.5 If the velocity calculated from experiments measuring the 
charge on a capacitor is the same as the velocity of light, how 

an°d y 3U^sTnnn f0r the bet — 310,740,000 Meters/sec 

and 314,858,000 meters/sec? 0*cer*Xirty of measurement 

16.6 In Hertz's detertor, it is the electric field strength m 
Che gap between the ends of the wire ring that makes the sparks 
jump. How could Hertz show that the waves were vertically po- 
larized? JjaTecYov- anenUvfon 

16.7 What evidence did Hertz obtain that the sparking of his 
induction coil generated waves having many similar properties to 

light waves? About Som€ speed , etc 

16.8 Give several factors that contributed to the twenty-five 
year delay i.i the general acceptance by scientists of Maxwell's 
electromagnetic wave theory. ct t 4CM5&on. 

16.9 What evidence is there for believing that electromagnetic 
waves carry energy? Hedtiry btj absorpto* , tffc 

hM! ?n at tl J e wdvelen S th of an electromagnetic wave generated 
by the 60 cycles/sec alternating current m power lines? £T£*m 

16.11 How short are "short-wave" radio waves? (Look on the dial 
of a short-wave radio.) lo f 0 xo0 mtftrS 

16.12 Electric discharges in sparks, neon signs, lightning, and 
some atmospheric disturbances produce radio waves. The result 
is static 1 ' or noise in radio receivers. Explain why FM radio 

is almost static-free. ? M vxot Se**Uv* dholes in Siaf\*\ ampUfaoU . 

16.13 Why is there federal control on the broadcast power and direc- 
tion of radio and TV stations, but no comparable controls on the 
distribution of newspapers and magazines? Ontu a ^ i- r. 

5£t£it °:Ss°" rTcZ^rt TV e availabie to 

8 ■ FM *ruA TV frocAcoxts , vcsifale light, but rxat AM 

16 15 Why can radio waves be detected at greater distances than 
the waves US ed tor television and FM broadcasting. £ 

16.16 The ideal relay satellite would have a 24-hour orbit 
What would the radius of such a "synchronous" orbit be' (Refer 
to Unit 2 for whatever principles or constants you need.) ^ 7>qoo ^. 

of A J TV EXP - lain " hy air P lanes Passing overhead cause "flutter" 

Changing phase differences of reflected and direct 

thill rhp°™ the anSwerS £ t0 ^Stions 16.12 and 16.17, how do yoT^' 

infnr ^ P " T lnformatlon is carried? How is the TV sound 
information carried? . 

16.19 How much time would elapse between the sending of a radar 
signal to the moon and the return of the echo'' * , 

cl.o SBC. 



16.20 Refer to the black-and-white photograph on p. 122 that was 
taken using film sensitive only to the infra-red. How do you 
account for the appearance of the trees, clouds and sky 9 

leave* Wffoct JrtfWerf stVwgk) , sky ts cold <\nd ecortters We infrared. 

16.21 What do you think is the reason that the eye is sensitive 
to the ranee of wavelengths that it is? _ 

16.22 A sensitive thermometer placed in different parts of the 
visible spectrum formed by a quartz prism will show a rise in 
temperature.. This shows that all colors of light produce heat 
when absorbed. But the thermometer also shows an increase in 
temperature when its bulb is in either of the two dark regions 
beyond the end of the spectrum. Why is this? oy\A "If? 

16.23 For each part of the electromagnetic spectrum discussed <j(eHT(7l( X^rowiS 
in Sec. 16.5, list the ways in which you have been affected by^ 60 *^' c ^ > v ? 

it. Give examples of things you have done with radiation m hccSir\0) ? TOS\r\\r\V) , r<*<*\0 
that frequency range, or of effects it has had on you. 

16.24 What reason did Maxwell give for studying original sci- 
entific memoirs? Do you agree with his stacement? D*sc<JS^\o^ 

16.25 What is a principal reason for the loss of support for 

the ether concept? ^ flS ^ Maxwell's mathematical ihtf^rry . 

16.26 At many points in the history of science the "natural" 
or "intuitively obvious" way of looking at things has changed 
radically. Our attitudes toward action-at-a-distance are a cttocuswon. 
case in point. What are some other examples 7 

16.27 Can intuition be educated? That is, can our feelings about 

what the fundamental aspects of reality are be changed? Use atti- . . 

tudes taken toward action-at-a-distance or the ether as examples. G\0O<A IWCrc 

16.28 Explain the analogy of the cat-less grin given at the end 

of ch. 16. %cdy \ meohort&il mocMs 
Grin : Maxwelli" equtfkcrvi 



Ep.logue We have seen how scientists sought to make liqht 
and electromagnetism comprehensible by devising models The 
particle model aooounted for the behavior of light by Show- 
ing that moving particles, on experiencing strong forces a- 
a boundary, wxll be bounced back or swerved ln , u5t tho 
dxrectxon light is obsorvod to bo rofloctod iofx 
The wave model accounted for these and other effects by 
treatxng light as transverse waves xn a continuous medium 
Since there are material particles (sand gr ams, pebbles 
proj.ctxlo.l and waves (on strings, xn water,, etc.) that'can 
be observed xn action, these models provided a substantial 
mechanical analogy for light corpuscles and light waves. ' 

The same approach through mechanical analogy worked, up 
to a point, in explaining electricity and magnetism. Both 
Faraday and Maxwell made use of mechanical models for elec- 
tric and magnetic lines of force. Maxwell used these models 
as clues and guides to the development of a mathematical 
theory of electromagnetism that, when completed,, went well 
beyond the models. The electric and magnetic fields of 
Maxwell -s theory cannot be made to correspond to the parts 
of any mechanical model. Xs there( then> any way we ^ 
Picture a field? Here is the response of the Nobel Prize- 
winning American physicist Richard Feynman: 

nec^el^^at ^o^V^ ™* ^~ 
do I imagine thfeiec^r ic U and° ? mag D n°e^c 1^^^?°* 
do I actually see? what are che demands of scienci 

stand the electromagnetic field than to understand 

iLm sightly inaccurate, so tnat I too can see 

them as well as I can see almost invisible angeL 
Then I will modify the nichnro *.-„~ ' lj ' 

abstraction." Picture to tne necessary 

I'm sorry that I can't do that for you. I don't 

Sc^Ield^aTis 0 P1CtUre ° f thl » eieccromaV 
, 1C tie id that is m any sense accur^P t iL 

IT,: in°tne the ^^^^t^l^^^ 
are now t»* positlon 25 years ago that you 

are now, and I ha^e had 25 years of experience 

descriofna ^ thM \ Y^"* waves. S£ ? start 
describing the magnetic field moving through space, 



I speak of the E- and B-fields and wave my arms and 
you may imagine that I can see them. I'll tell you 
what I see. I see some kind of vague shadowy, wig- 
gling lines — here and there is an E and B written on 
them somehow, and perhaps some of the lines have ar- 
rows on them — an arrow here or there which disappears 
when I look too closely at it. When I talk about the 
fields swishing through space, I have a terrible con- 
fusion between the symbols I use to oescribe the ob- 
jects and the objects themselves. I cannot really 
make a picture that is even nearly like the true 
waves. So if you have some difficulty in making such 
a picture, you should not be worried that your dif- 
ficulty is unusual. 

(A. more extended excerpt may be found in the Unit 4 
Reader . ) 

We can summarize the general progression represented by 
the development of mechanics and electromagnetism by saying 
that physical theories have become increasingly abstract and 
mathematical. Newton banished the celestial machinery of 
early theories by substituting a mathematical theory using 
the laws of motion and the inverse-square law. Maxwell de- 
veloped a mathematical theory of electromagnetism that, as 
Einstein showed, did not require any all-pervading material 
medium. We are seeing a growing disparity between common- 
sense ideas that develop from direct human experiences and 
the subtle mathematical abstractions developed to deal with 
effects that we cannot sense directly. 

Yet these highly abstract theories do tell us about the 
things we can see and touch and feel. They have made it pos- 
sible to devise the equipment that guides space probes to 
other planets and to design and operate the instruments that 
enable us to communicate with these probes. Not only are 
these theories at the base of all developments in electronics 
and optics, but they also contribute to our understanding of 
vision and the nervous system. 

Maxwell's electromagnetic theory and the interpretation 
given to electromagnetism and mechanics by Einstein in the 
special theory of relativity produced- a profound change in 
the basic philosophical viewpoint of the Newtonian cosmology. 
While we cannot yet give a comprehensive statement of these 
changes, some aspects of a new cosmology can already be de- 
tected. Before we can even hint at this new trend, we must 
give further attention to the behavior of matter and to the 
atomic theories developed to account for this behavior. 

" Xh iPxe bcymmny euerojthwcy coos (n confus\o* f 
ihen Mind cam& and reducod Krienx to enter. * 
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Particle, 6, 11, 136 
Path, 58, 68, 69 
Pattern, 14 

Peak load 98, sensitivity, 122 
Philosophical toy, 87 
Photochemical , 123 
Photographic plate, 123 
Photosynthesis, 5 
Physical labor, 100 
Pigment, 17, 123 
Pixli, Hippolyte, 85 
Point sources, 8 
Poisson, Simon, 14, 15 
Polarization, 23, 25, 107, 110 
Polarizer, 25 
Polaroid, 25 
Poles, 3*. 77 

Potential difference, 57, 60 
Power, 12, 60, £7, 92, 93 
Pressure , 118 
Priestley, 40 
Primary coil, 94 
Princeton, 79 
Prism, 18 

Propagation, 6, 1)2 
Psychological aspects, 5 

Quantum theory, 128 

Radar, 121 
Radiation belts, 69 
Radio, 101, 120, 121 
Rainbow, 20 
R*y, 8, 12; Gamma, 126 
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Reflection, 11, 12 
Refraction, 11, 12; double, 23 
Relativity, 115, 128, 131, 137 
Resistance, 60 
Rdtuer, Ole, 9 
Rotating magnet, 77 
Royal Institution, 107 
Rural electrification, 100 



Watt, unit, 61 
Wave, 6, 12, 24, 25, 136 
Wavelengths, 5, 21, 121, 122 
Weber, 115 

WestingtwuSe, 94, 95 
Wheatstone, Sir Charles, 107 
Whirling parts, 115 
White light, 17, 18 
Wollaston, 76 



Satellites, 121 
Savart, 76 
Scattering, 22, 23 
Schelling, Friedricb, 20, 107 
Science, 88 



X-rays, 120, 123, 126 



Young, 13, 14, 23, 26 



Scoresby, 86 
Seebeck, 76 
Series circuit, 90 
Servants, 101 
Shadow, 8 
Silicon, 98 
Sky, blue, 21, 22 
Social effects, 89, 100 
Soot, 75 
Sound, 9 
Source, 45 
Southern lights, 69 
Space, 109, 112, 131 
Spark, 117 
Spectrum, 17, 21 
Speech, 121 

Speed, 10, 12, 20, 112, 114, 120, 131 

Sprengel, Hermann, 89 

Stability, 126 

Steam engine, 75 

Stiffness, 112, 114 

Sulphate of iodo-quinine, 24 

Synthesis, 115 



Technology, 88 

Telegraph, 101 

Telephone, 100 

Telescope, 17 

Television, 59, 121 

Tennessee Valley Authority, 100 

Terrella, 33 

Thomson, William, 2 

Time, 61, 112, 131 

Time chart, 113 

Torsion balance, 40 

Toy, philosophical, 87 

Transformer, 94 

Transmission, 87 

Transverse undulations > 115 



Ultraviolet, 120, 123 

Vacuum pump, 89 
Van Allen, 69 

Van Musschenbroek, Pieter, 54 
Vienna Exhibition, 87 
Viscosity, 128 
Visible light, 122 
Vision, 5 
Volt, 58 

Volta, Allessandro, 56. 75 
Voltage, 57, 93, 123 
Voltaic cell, 83 
Von Guericke, Otto, 54 
Vortices, 132 
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°rief Answers to Unit 4 Study Guide 
Chapter 13 



13.1 
13.2 



13. 3 

13. 4 
13.5 
13.6 
13.7 
13.8 
13.9 
13.10 

13.11 



13.12 
13.13 



13.14 
13.15 
13.16 
13.17 

13.18 
13. 19 



7.5 cm 

distance too small 



(a) 
(b) 
(c) 
(d) 

(a) 
(b) 
(c) 



no 



large distances involved 
lower limit was achieved 



4.4 



10 y m 



3.0 x io 8 m/sec 
conjunction cycle 

9.5 * 10 15 m 

4. 3 yrs. ; 28 times 

path shown 

36" 

invisible 
diagrams 



(a) 
(b) 

(a) 
(b) 



diagram 

inverse with heiaht 



diagram^ 
%mv*; mv 



mv sin 9; 



mv = mv cos 
^mv* and mv 

x 



energy conservation 



mu 



mu sin 6 



mu = mu cos 9 

y r 



(c) 

(d) 
(e) 

(f ) derivation 
diagrams 

(a) (m + H) A 

(b) red 

(c) increased fringe separation 

(d) same as (c) 

(e) san>e separation 

appears in bright fringes 
constructive interference 
6 x lo iJ * cps; 10 10 times AM 

(a) no 

(b) discussion 
discussion 
discussion 



14.6 

14.7 

14.8 

14.9 
14. 10 
14. 11 
14. 12 
14.13 

14. 14 
14. 15 
14.16 
14. 17 
14.18 

14.19 

14.20 
14. 21 

14.22 

14.23 
14.24 
14.25 

14.26 
14. 27 
14.28 
14.29 

14. 30 
14. 31 



reaction to field, then to 
source 

(a) right 

(b) down 

(a) 10* coulombs 

(b) 10 9 coulombs/m 2 

sketch (normal to surfaces) 
help 

6.25 x io 18 electrons 
3.4 x io 42 

(a) hmv 2 = ^kq 2 /R 

(b) 1.2 x 10"19J 

(c) 1.5 x io 6 m/sec 

conductor 
30 volts 
zero 

derivation 



3 x 10 6 volt/meter 
10 7 volt/meter 

12 volts 
zero 
12 volts 



100 eV or 1.6 x 
5.6 x io 6 m/sec 

4 amps 

5 ohms 
15 volts 

10 7 volts 

5 * 10 8 joules 



(a) 
(b) 

(a) 
(b) 
(c) 

(a) 100 eV or 1.6 x 10 
(b) 

(a) 
(b) 
(c) 

(a) 
(b) 

discussion 
20 watts 

(a) 8 watts 

(b) 20 watts 

(c) 45 watts 

compass can't respond 
north 

3 amps north 

(a) derivation 

(b) v, B and R 

derivation 



-17 - 



(a) 
(b) 



derivation 
discussion 



Chapter 14 



14.32 west 



14.1 (a) tripled 

(b) halved 

(c) not changed 

14.2 95 km 

14.3 discussion 

14.4 yes; positive 

14.5 (a) 1.6 N/kg 

(D) 4.1 x io 9 N/kg 
(c) « r 



Chapter 15 



15. 


1 


discussion 


15. 


2 


yes 


15. 


3 


all except (d) 


lb. 


4 


discussion 


15. 


5 


(a) exercise 

(b) upward 

(c) downward 



c 
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15.6 
15.7 
15.8 
15.9 
15.10 

15.11 
15.12 



15.13 
15.14 
15.15 
15.16 
15.17 
15.18 
15.19 
15.20 



Lenz's law 
outside magnet 
opposite 
discussion 



(a) 
(b) 
(c) 

(a) 
(b) 



1 amp 
10 ohms 
burn out 

1/12 amp 
1440 ohms 



(a) 
(b) 
(c) 



1 amp, \ amp 
1/5 watt, 1/20 watt 
0.97 amp, 0.19w, 5.6w; 
0. 50 amp, 0.05w, 6w. 

5 amps 

der ivation 

low voltage coil 

discussion 

discussion 

report 

discussion 

sketch 



16 . 23 discussion 

16 .24 discussion 

16.25 unnecessary for mathematical 
description 

16.26 discussion 

16. 27 discussion 

16.2 8 body: mechanica] models 

grin: mathematical description 



Chapter 16 

16.1 symmetry 

16.2 no 

16.3 accelerating charge, mutual 
induction 

16-4 (a) height 

(b) pressure 

(c) field strength 

16.5 measurement uncertainty 

16.6 detector orientation 

16.7 light properties 

16.8 discussion 

16.9 absorbtion effects, etc. 

16.10 5 x 10& m 

16.11 10 m to 10 2 m 

16.12 frequency modulated 

16.13 discussion 

16.14 discussion 

16.15 ionospheric reflection of 
shorter wavelength radiation 

16.16 27,900 miles 

16.17 phase difference between direct 
and reflected waves 

16.18 AM; FM 

16.19 2.6 sec. 

16.20 absorbtion 

16.21 evolution 

16.22 UV and IR 
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Answers to End of Section Questions 
Chapter 13 

Ql Diffraction effects become greater as a slit is 
made increasingly narrow, spreading the light into 
a diverging beam. 

Q2 Rbmer based his prediction on the extra time he 
had calculated it would require light to cross the 
orbit of the earth. 

Q3 Rb'mer had shown that light does have a finite 
speed . 

Q4 Experinents carried out by Foucault and Fizeau 
showed thet light has a lower speed in water than 
in air, whereas the particle model required that 
light have a higher speed in water. 

Q5 When light enters a more dense medium, its 
wavelength and speed decrease, but its frequency 
remains unchanged. 

Q6 Young's experiments showed that light could be 
made to form an interference pattern, and such a 
pattern could be explained only by assuming a 
wave model for light.. 

Q7 It was diffraction that spread out the light 
beyond the two pinholes so that overlapping 
occurred and interference took place between 
the two beams . 

Q8 Poisson applied Fresnel's weve equations to 
the shadow of a circular obsta< le and found that 
there should be a bright spot in the center of 
the shadow. 

Q9 Newton passed a beam of white light through 
a prism and found that the white light was some- 
how replaced by a diverging beam of colored 
light. Further experiments proved that the 
colors could be recombined to form white light. 

Q10 Newton cut a hole in the screen on which the 
spectrum was projected and allowed a single 
color to pass through the hole and hence through 
a second prism: he found that the light was 
again refracted but no further separation took 
place . 

Qll A coat appears yellow if it reflects mainly 
yellow light and absorbs other colors of light. 

Q12 The "nature philosophers 1 ' were searching for 
unifying principles and were very unhappy with 
the idea that something they had "regarded as 
unquestionably pure had many components. 

Q13 The amount of scattering of light by tiny 
obstacles is greater for shorter wavelengths 
than for longer wavelengths. 

Q14 The "sky 11 is sunlight scattered by the 
atmosphere. Light of short wavelength, the 
blue end of the spectrum, is scattered most. 



Q15 Hooke and Huygens had proposed that light 
waves are similar to sound waves: Newton ob- 
jected to this view because the familiar 
straight-line propagation of light was so dif- 
ferent from the behavior of sound. In addition, 
Newton realized that polarization phenomena 
could not be accounted for in terms of spher- 
ical pressure waves. 

Q16 "Unpolarized" light is a mixture of waves 
polarized in various directions. 

Q17 Light had been shovTi to have wave properties, 
and all other kno-m wave motions required a 
physical medium to transmit them, so it was 
assumed that an "ether" must exist to transmit 
light waves. 

Q18 Because light is a transverse wave and prop- 
agates at such a high speed, the ether must be 
a very stiff solid . 

Chapter 14 

Ql He showed that the earth and the lodestone 
affect a magnetized needle in similar ways. 

Q2 Amber attracts many substances; lodestone 
only a few. Amber needs to be rubbed to 
attract; lodestone always attracts. Amber 
attracts towards its center; lodestone attracts 
towards either of its poles. 

Q3 A cork hung inside a charged silver can was 
not attracted to the sides of the can. (This 
implied that there was no net electric force on 
the cork — a result similar to that proved by 
Newton for gravitational force inside a hollow 
sphere.) 

Q4 F el - 1/R 2 and F gl - 

05 F , will be one quarter as large, 
el 

Q6 No, the ampere is the unit of current. 

Q7 No, induced charges could account for this 
behavior. 

Q8 Each point in a scalar field is given by a 
number only, vhereas each point in a vector 
field is represented by a number and a direction 

Q9 a) the same direction as the gravitational 
force on a test mass placed at that point 

b) the same direction as the electric force 
on a positive test charge at that point. 

Q10 The corresponding forces would also be 
doubled and therefore the ratios of force to 
mass, and force to charge, would be unchanged. 

Qll If the droplets or spheres are charged 
negatively . theV will experience an electric 
force in the direction opposite to the field 
direction. 



Q12 Charge comes in basic units: the charge of 
the electron* 

Q13 Franklin observed that unlike charges can 
cancel each other and he therefore proposed 
that negative charges are simply a deficiency 
of positive charges. 

Q14 It produced a steady current for a long period 
of i*ime. 

Q15 The voltage between two points is the work 
done in moving a charge from one point to the 
other, divided by the magnitude of the charge. 

Q16 No; the potential difference is independent 
of both the path taken and the magnitude of the 
charge moved* 

Q17 An electron-volt is a unit of energy. 

Q18 If the voltage is doubled the current is 
also doubled. 



Q19 The electrical energy is changed into heat 
energy and possibly light energy. (If the 
current is changing , additional energy trans- 
formations occur; this topic will be discussed 
in Chapter 16.) 

Q20 Doubling the current results in four times 
the heat production ^assuming the resistance 
is constant). 

Q21 The charges must be moving relative to the 
magnet. (They must in fact be moving across 
the field of the magnet.) 

Q22 It was found to be a "sideways" force! 

Q23 Forces act on a magnetized (but uncharged) 
compass needle placed near the current. 

Q24 Ampere suspected that two currents should 
exert forces on each other. 

Q25 b), c), d). 

Q 26 b), c), e). 

Q27 The magnetic force is not in the direction 
of motion of the particle— it is directed off 
to the side, at an angle of 90° to the direction 
of motion. 



Chapter 15 

Q 1 The single magnetic pole is free to move and 
it follows a circular line of magnetic force 
around the current carrying wire. 

Q 2 electric currents circulating within the 
magnets 

Q3 electromagnetic induction 

Q4 the production of a current by magnetism 



Q5 The first current must be changing. 
Q6 the Faraday disc dynamo 

Q7 The loop is horizontal for maximum current, 
vertical for minimum. 

Q8 It reverses the connection of the generator 
to the outsjde circuit at every half turn of 
the loop., 

Q9 Use a battery to drive current through the 
coil. 

Q10 Batteries were weak and expensive. 

Qll An unknown workman showed that Gramme's dynamo 
could run as a motor. 

Ql 2 too glaring, too expensive, too inconvenient 
Q13 an improved vacuum pump 

Q14 A small current will have a large heating 
effect if the resistance is high enough. 

Q15 There is less heating loss in the transmission 
wires . 

Q16 A current is induced in the secondary coil only 
when there is a changing current in the primary coil. 



Chapter 16 

Ql a magnetic field 

Q2 the small displacement of charges that 
accompanies a changing electric field 

Q3 the relations between electric and magnetic 
fields 

Q4 the ratio of the values of a quantity of 
charge measured electrically and magnetically 

Q5 The speed of electromagnetic waves turned 
out to be, within the limits of experi- 
mental error, the seme a* the speed of light. 

Q6 the existence of electromagnetic waves 
Q7 a loop of wire 

Q8 Electromagnetic waves exert pressure on 
any surface that reflects or absorbs them. 

Q9 They have very great wavelengths (from 
tens to thousands of meters) . 

Q10 The signals travel in nearly straight 
lines and woulc otherwise pass into space 
instead of following the earth's curvature. 

Qll The higher the frequency, the greater is 
their penetration of matter. 

Q12 10 5 times larger 
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Q13 X rays arr» produced by the sudden deflection 
or stopping of electrons; gamma radiation is 
emitted by unstable nuclei of radioactive 
materials, 

Q14 He held that knowledge is more enduring 
if achieved In more than one way* 

Q15 experiments and procedures that have failed, 
as well as those that were successful 

Q16 It was almost unthinkable that there could 
be waves without a medium to transmit them. 

Q17 Albert Einstein's (in his theory of relativity) 



